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ABSTRACT
Reported is the research conducted over the period October 196? to 
September 1971 in developing comprehensive prosthetic systems for 
through-thigh amputees.
The introduction details objectives of the research and indicates the 
limitations of the ’state of the art1. Rehabilitation of amputees under 
the Rational Health Scheme is outlined and terms commonly used in the 
’field’ are defined.
The first chapter gives a brief history of external prosthetics from 
antiquity to the present and earmarks major advancements.
Chapter two describes the basic anatomy of the leg and continues in the 
next tvo chapters to discuss the above-knee amputation stump and its 
compatibility with the various socket designs.
Chapter five deals with the classification of prosthetic legs*
Chapter six, seven and eight describes the locomotor mechanism, the 
techniques of gait analysis, and how the data is used to design 
functional replacements and tc observe these mechanisms clinically.
This leads to a discussion of the curves obtained from the gait analysis 
data.
Chapter ten lists the anthropometry and introduces in the next chapter 
the dynamics of the lover extremity where the ’idesl’ functions and 
equations of motion of the knee are derived.
Chapter twelve deals with knee control mechanisms and discusses how the 
developed mechanisms approach the ’ideal’.
In Chapter thirteen the functions of the ankle and foot are described in 
conjunction with the design and modes of control of the replacement 
devices.
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Chapter fourteen deals vrith the structural' elements of the prosthesis and 
this leads in the next chapter to the strength requirements.
Chapter sixteen details the mechanical■testing conducted on the 
•hardware developed1, description of the latter being the subject of the 
final chapter.
The appendices are presented in a second volume and includes descriptions 
of the conventional limbs currently on general prescription in the 
United Kingdom.
Copies of internal reports relevant to the subject matter are also 
included, some of them earlier than October 1967. Copies of all patent 
applications are included for reference, as t^rell as published articles. 
Finally, presented in volume three is a complete set of engineering 
details including general arrangements of the devices manufactured.
This final volume, however, is intended only for reference purposes. :
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I N T R O D U C  T I 0 N
Introduction
The ultimate aim of the prosthetist in the replacement of the lower 
extremity is to supply a device which has the external shape and 
appearance of a normal (or the other) leg and which permits the 
amputee to walk comfortably and safely at everyday rates on level 
ground without undue mental or physical effort and with little or no 
perceptible limp. Some sacrifice of normal gait, however, must 
inevitably occur in such circumstances as climbing or descending 
stairs and ramps, or walking over rough terrain, if the device is to 
be of a fairly simple construction. Other pertinent requirements must 
also be carefully considered, such as weight reliability, 
interchangeability and servicing of parts, cost and ease of fitting# 
Furthermore, the amputee should be supplied with two identical limbs 
so that major adjustments or servicing do not leave him immobilised.
Simulation
To design a prosthesis to the criteria outlined above demands a good 
working knowledge of the natural mechanism and thus becomes a problem 
of simulation of the relevant human motions. The mechanisms involved 
in these human motions include bones, joints, muscles, nerves, the 
soft tissues and the vascular system. To compare the functions of these 
biological elements with possible engineering substitutes requires 
analysis of the mechanical properties of these elements.
Human bone, as a structural material, has an ultimate tensile strength 
about 2,0 x 10^ p.s.i., a compressive strength of 2.5 x 1C^ p.s.i., an 
elastic modulus of about 3 x 10^ p.s.i., and a specific gravity about 
1.9. These values can be reproduced fairly closely in several
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engineering materials, for example: some magnesium alloys and certain
structural wood laminates. In practice, however, a great variety of _ 
different materials are in common use and thus it would appear that 
exact matching in this mode is not really required.
Human joints are essentially bearings i.e. higher or lower, kinematic 
pairs. They are required to withstand mechanical loads of only a few 
hundred pounds at small displacements and speeds, and, as far as 
external prosthetics are concerned, this presents no problem from the 
technological sense, even if the best coefficient of friction is about 
an order of magnitude greater than that of the natural joint. 
Kinematically, the joints could be designed to ape the natural loci, 
but, again, this would appear quite unnecessary.
The skeletal muscles have several functions; in lengthening under load 
they act as damping devices, and in shortening under load they serve as 
actuators. Typical forces of these muscle functions are about 50 lbf 
with displacement velocities of the order of 5ft/sec. This would be of 
no great problem for, say, an hydraulic device, although the efficiency 
may be reduced.
The nerves transmit motor signals from the central nervous system to the 
muscles and feed back information on limb position, velocity and 
various pressure sensations. The signal transmission velocities are only 
a few hundred feet per second (without synaptic delays) which is slow 
compared to electronic control systems.
Why then is this perfect prosthesis not manufactured? Why does the 
amputee, even today, have to basically sit on the brim of a socket?
Why does the knee control operate by gravity or other extrinsic forces, 
or is the swing of the knee damped by friction devices?
Because of two basic problems. The first is the fundamental anomaly of
human engineering, how to integrate the man-machine. Such a perfect 
prosthesis would be of little value, because there is no system to 
enable the patient to operate it. Secondly, this perfect prosthesis 
could not practically be made because there is no suitable power 
supply to energise it.
The task then reduces to a problem of optimisation - to design the • 
•best1 devices whilst fully understanding these fundamental 
limitations.
Function
Analysis of the natural mechanism, using various !gait analysis’ 
techniques, shows that the prosthesis must function in several quite 
distinct modes. Firstly, it must act as an Euler strut and support 
the gross weight of the patient, without buckling or collapsing when 
load is applied to it.
Secondly, the joints must articulate to permit the amputee to walk, 
kneel and sit, and these displacements must be constrained to move in 
a manner similar to the normal mechanism: the dynamic cosmesis.
Thirdly, the individual shapes of the leg segments must resemble those 
of the natural limb: the static cosmesis.
Furthermore, the prosthesis must be aesthetically acceptable to the 
patient so that he develops philic rather than phobic attitudes 
towards it.
Finally, however, the limb must be comfortable to wear. No matter to 
what degree of excellence the design of the structure or function of the 
limb may be, if it is not comfortable it is doomed to rejection. The 
problems can be minimised by a properly formed stump and this means a 
detailed look at amputation techniques, which is outside the scope of
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this report. Presented with the ideal stump, a compatible socket is 
the next essential; this is the man-machine interface. •
Rehabilitation System
The design of the prosthesis, however, must be viewed in the whole 
environment of rehabilitation, with due regard to the existing 
administration, prescription and limb supply systems.
Under the National Health Scheme every amputee who is able to wear a 
prosthesis is entitled to be supplied with (and to have them 
maintained in good working order for life) two identical prostheses 
for each limb deficiency.
Rehabilitation should start prior to amputation, particularly in cases 
of vascular disorders where pain has committed the patient to long 
periods of immobility. The amputation should be conducted in an 
orthopaedic or special prosthetics department; unfortunately this is 
not always the case, often the junior house surgeon ablates the limb. 
During the period immediately after surgery, whilst the wound is healing 
and the sutures are removed, stump bandaging is most important. After 
this, the patient is allocated to the Department of Physical Medicine 
where exercising of the stump and other muscles re-trains the amputee. 
Simultaneously, he will be sent to an Artificial Limb and Appliance 
Centre (A.L.A.G.} and will be allocated to a limb surgeon or Appliance 
Medical Officer (A.M.G.). The A.M.O. will send him to one of the limb 
contractors who will ’measure1 the amputee for the supply of a 
temporary prosthesis or pylon. This is carried out to the A.M.O.’s 
prescription. At this stage the stump will still be eodematous and 
during the ’stump shrinkage’ period the pylon is used. If the prognosis 
is very short, a ’permanent pylon1 may be supplied. When the stump has
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reached a stable shape and size, the prosthetist -will ’east1 and 
•measure’ the patient for the definitive prosthesis, and mil arrange 
an appointment for ’trial* of the limb,
’Fit’ and ’alignment’ of the limb are terms used internationally.
’Fit* means the fit or the compatibility of the socket to the 
amputation stump. ’Alignment* is the process of achieving the optimum 
geometrical relationships between the segments of the limb. Both of 
these are carried out at ’trial*. If the trial is satisfactory, a date 
is then made for ’delivery*; if not,, a ’re-trial’ will be ordered.
When ’fitting* is completed, the leg is returned to the factory for 
’finishing’, after which at ’delivery* the amputee will be allowed to 
retain the limb.
The devices supplied to the patient do not actually belong to him,
they remain the property of the Department of Health.
During the whole period when the pylon is used and during the initial 
period of the permanent leg, the patient attends an A.L.A.O. for 
walking training. The brief procedure described above applies to 
’primary’ amputees; this means recently amputated patients. Patients 
are called at regular periods for examination to ensure that the 
prosthesis is satisfactory, but at any time in his life the amputee 
may consult the A.M.O. for a ’repair* to the limb.
This may be carried out ’waiting’, or the leg may have to be retained.
When this major repair is completed, the limb may be ’posted’ to the 
patient, but usually he will attend the centre for re-delivery. On 
’mature* amputees ’home trial' of new and experimental limbs may be 
advocated, where the leg is temporarily finished and used outside the 
centre for a few weeks.
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It can be seen that rehabilitation in the above system can be a very 
protracted procedure, and the design of the limb should try to reduce 
the period to final delivery, particularly when this period is a large 
percentage of the amputeels remaining life. Immediate post operative 
fitting techniques do certainly reduce this time lag, but these are 
still very much research programmes.
Hardware Developed
A great deal of hardware has been developed from basic philosophies of 
the research programme over the last three years, and the second half 
of this thesis is devoted to the details of the individual designs.
Some of the designs and processes have been novel and, where such 
innovations have occurred, patent coverage has been sought, in both 
the U.K. and abroad. A list of patents and brief descriptions appear 
in the appendix, and patent numbers are quoted in the detailed 
discussions.
The hardware developed includes a comprehensive range of knee control 
mechanisms for prescription to various types of amputees. These are 
completely interchangeable in three basic systems of the limb structure, 
the latter being modular in concept to permit of quick and easy assembly 
of the precision units. The structural elements are fully adjustable, 
where necessary, to enable the prosthetist to obtain the desired 
alignment without delays from long factory processes. All the devices 
have been fully tested throughout the programme for both clinical 
acceptance and mechanical reliability and safety. Finally, where units 
have reached the production stage the latest techniques in materials 
selection, quality and process controls have been used to achieve what 
is hoped to be a greatly improved prosthetics system.
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c II A P T S R I
'THE-HISTORY OF EXTERNAL PROSTHETICS
Evidence of amputation dates back 45,OCG years, the 
first records, -however,- come from about 1,500 B.C.
A Roman leg of about 3CO B.C. was the oldest ever 
unearthed. Ambroise Pare of the sixteenth century 
improved clinical practice and designed prostheses. 
Hermann of Prague (1868) introduced aluminium which 
the Desoutter Brothers exploited 15C years later. 
The Anglesey limb was designed in 1816 and is still 
sometimes prescribed today.
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THE HISTORY OF EXTERNAL PROSTHETICS
Introduction
The removal of the whole or part of a diseased or dysfunctioning limb, 
or the trimming of the stump of a limb that his. been accidentally 
severed, is one of the oldest surgical operations known to mankind.
The skeletal remains of a late Neanderthal man, unearthed in a cave in 
Iraq, testified to an amputation some 45,000 years ago.
The loss of limbs in animals and early man has always been a tragic 
disaster, particularly the loss of a lower extremity, as the power of 
locomotion is drastically reduced leaving the creature unable to hunt 
or to protect itself from enemies and climatic exposure. Man, however, 
soon discovered ways to partially overcome these disabilities and’ 
fashioned from tree branches crude crutches as aids to regain his 
ambulatory powers.
The Oldest Legs
It is not known where or when the first prostheses were actually 
manufactured, but the earliest record seems to come from the ■ MRig-Veda!l, 
a period of India about 1,500 B.C., where it is stated that artificial 
eyes and teeth as well as limbs were fitted.
The oldest artificial leg unearthed was found in the tomb of f,Copuafl 
in 1858. It was supposed to date back to 300 B.C., the time of the 
Samite Wars. This Roman leg was made of thin pieces of bronze fixed 
to a central wooden core with bronze nails and secured to the stump 
with a leather skirt. The leg was sent to the Museum of the Royal 
College of Surgeons in London, but unfortunately it was lost in an 
air raid in 1941*
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The Middle Ages
In the Middle Ages little progress was made in the development of 
lower extremity prosthetics, the peg-leg was the only available device. 
For the knights and aristocracy this was made of iron with heavy 
armour type cosmetic covering, but for the peasant nothing was available 
except a crude wooden peg fashioned by either himself or a friend.
Figure 25 Page 206shows a photograph of a wooden peg leg of present day 
manufacture.
During this period, however, many ingenious artificial arms were 
constructed, which enabled a knight to hold his sword or even a heavy 
lance.
The Sixteenth Century
It was not until the Sixteenth Century that the real design thoughts 
of prostheses began, when Ambroise Pare introduced ligation of vessels 
which improved the surgical technique of amputation. Pare recommended 
preferred sites for amputation, improved the treatment of wounds and 
designed, in close collaboration with craftsmen, prostheses for his 
patients.
In 1690 the Dutch surgeon, Verdium, fabricated a below-knee prosthesis. 
It had a wooden foot and a copper socket and it v&s hinged at the knee 
by two. steel bars. The leg was secured to the stump by a leather thigh 
corset. This leg has served as the basic design for the conventional 
below-knee limb up to the present time. Only recently has the 
development of the Patella Tendon Bearing Leg dispensed with, to any 
great extent, the side steels and thigh corset.
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The Eighteenth Century
At the end of the Eighteenth Century a mechanic, Gavin Wilson of 
Edinburgh, designed an above-knee prosthesis. It was fabricated of 
hard leather and included a knee joint which could be flexed for sitting 
and locked for walking. This is thought to be the first prosthesis 
constructed with what is known today as an ’’ischial seat”.
In. 1868 Hermann of Prague wrote a treatise on a new construction of 
prostheses and introduced aluminium to replace certain steel parts, 
but it was not until 1912 when the Desoutter Brothers fabricated light­
weight legs from thin metal sheet that aluminium played any great part 
in the design of prostheses.
The Anglesey Leg
In 1816 a limbmaker, James Potts of Chelsea, constructed a limb for 
Henry William Paget, First Marquess of Anglesey. This distinguished 
nobleman lost his leg by a gun-shot wound at the Battle of Waterloo.
An operation was performed on the field, but the amputation was not 
satisfactory and a revision amputation was performed after his return 
to England. The leg was removed at about the middle of the thigh, and 
what was then termed a ”flap” operation was adopted by the eminent 
surgeon, Sir Everard Hume. The Marquess was still using his leg at 
the age of eighty-five.
The limb made by Potts consisted of a wooden socket, shank and foot and 
was articulated at the knee and metatarsophalangeal joints; these were 
co-ordinated with cat-gut tendons. This became known as the ’’Anglesey 
Leg” and was used extensively in this country until the First World War 
and, indeed, is still made occasionally today.
The Present Time
In this country today about ninety per cent of the legs manufactured’ 
are made of light-alloy sheet; in other countries, however, skills do 
not allow for the use of sheet metal and wood is still the preferred 
material. Due to the scarcity and cost of highly skilled hand labour 
today, however, present trends ana developments are directed towards 
extruded and laminated plastics and modular assembly prostheses.
It is estimated that atpresent an average of about 25,000 artificial 
limbs are fitted each year in this country, from a total of approaching 
100,000 amputees. The number of new amputees due to industrial and 
civil accidents and vascular disorders increases by about 5,000 each 
year, A very conservative estimate, for the yearly demand of the 
whole world is \vell in excess of forty million.
Archives of Physical Medicine and Rehabilitation 
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and Welfare
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c H A P  T E R  2.
TEE ANATOMY OF THS LOWER EXTREMITY
The socket is the man/machine interface; to design 
the machine side of the latter requires knowledge 
of the anatomy of the man. Bones form the structure 
and constrain movements which muscles actuate 
controlled by the central nervous system. Nutrition 
is supplied to the cells by the Vascular system which 
maintains the cell chemistry and concentrations with 
the help of the Lymphatic canals. The skin sheathes 
the system and controls the body temperature by the 
perspiration mechanism.
/
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Introduction
To design and fit to the patient an adequate prosthetic leg demands 
a good working knowledge of the natural mechanism. It must be stressed, 
however, that the anatomy of the stump mil, of necessity, be 
considerably different from the normal regional anatomy of the 
amputation site, so that each patient must be diagnosed and treated 
completely individually.
The man-machine interface is at the socket and, if the latter is not 
compatible with the stump, no matter how well the leg has been designed 
it cannot function correctly and may be rejected. To make a comfortable 
socket, requires identification of the positions of all the major arteries 
and veins, and an understanding of the vascular and lymphatic systems.
The prosthetist must also be familiar with the musculature and nerves 
of the stump. The exact location of the boney areas, which may be used 
for load-bearing and socket stabilisation, must be found, if necessary, 
by palpation. Furthermore, a knowledge of surface tissue and the 
perspiration mechanism is desirable.
This can best be achieved by considering the major functional anatomy 
of the lower extremity, and this chapter endeavours to give such a brief 
description.
Skeletal Arrangement
Bones form the framework to which are attached all the softer structures 
of the body. They are classified according to their shape. The long 
bones consist of three main parts: the head and the base joined to the
shaft by the epiphyses. Those parts which articulate are smooth and are
covered with articular cartilage, the rest being enclosed by the 
periosteum which transmits the blood vessels and nerves to the bone.’
A nutrient artery also pierces the shaft and enters the medullary cavity 
which contains the marrow.
The pelvis forms the lower portion of the trunk and provides the 
attachment of the legs to the rest of the body. The pelvic girdle is 
made up of the sacrum, the ’coccyx and the two hip bones. The hip bones 
are strong, irregularly shaped bones joined to the sacrum. From the 
sacrum they curve out laterally to the iliac crest and then anteriorly 
and distally to meet at the anterior aspect. The anterior bones are 
the pubic bones and the posterior is the ischium. The ischium and the 
pubis are joined at the pubic crest by the ramus. The acetabulum is a 
spherical cavity situated on the lateral side of the hip bone, below 
the iliac crest but above the ischium. It forms the socket half of 
the ball-and-socket joint of the hip. Figure 1 Page182 shows the 
bone structure of the lower extremity.
The femur is the longest and strongest bone in the body; its shaft 
is roughly circular in cross-section, straight for most of its length, 
but inclined in both planes to the mechanical axis of the leg. The 
femur flares proximally to two projections, medially the lesser 
trochanter and laterally the greater trochanter; after this it thins 
to form the neck and then terminates in a spherical ball, the head of 
the femur, this articulates with the acetabulum. Distally the femur 
enlarges to form two bearing surfaces - the medial and lateral femoral 
condyles which are separated by a deep groove called the intercondyloid 
notch. At the side of the condyles are rounded prominences, the 
epicondyles. The condyles of the femur articulate with the tibia to form 
the knee joint.
The patella is a sesamoid bone situated anterior to the knee joint and 
developed in the tendon of extensor muscles of the thigh* The tendon 
continues distally and is inserted into the tubercle of the tibia*
The shaft of the tibia is triangular in section with one vertex, the 
tibial crest, at the front of the shin* The tibial crest terminates 
near the loiee in the rounded prominence, the tibial tubercle* At the 
same level, the tibial shaft flares medially and laterally to support 
the condyles* The relatively flat bearing surface of the condyles is 
referred to as the tibial plateau. The distal end of the tibia forms 
a bony projection named the medial malleolus.
The fibula is a long slender bone situated on the lateral side of the 
tibia with which it articulates at each end. The ends of the bone are 
slightly enlarged to form, proximally, the head and, distally, the 
lateral malleolus. The distal ends of the tibia and fibula form the 
three-sided socket which articulates with the tarsus to form the ankle 
j oint. ;
The tarsus consists of
1. The talus, ealcaneum, navicular, the three cuneiform bones 
and the cuboid.
2. The metatarsus consisting of the five metatarsal bones.
3. The phalanges.
The talus forms the “keystone” of the arch of the foot and plays a 
major role in the formation of the ankle joint. It is an irregularly 
shaped bone, saddle-shaped on top to fit into the socket of the tibia 
and fibula.
The ealcaneum is the largest bone in the foot. It supports the talus 
above and articulates with the cuboid anteriorly. The posterior
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extremity forms the bony projection of the heel.
The navicular lies on the medial side of the foot between the talus 
posteriorly and the cuneiform anteriorly.
The cuboid lies in the lateral aspect of the tarsus, between the 
ealcaneum posteriorly and the bones of the fourth and fifth metatarsals 
anteriorly.
The five metatarsals are long bones each possessing, distally, a head, 
a shaft and, proximally, a base. They articulate with the phalanges 
forming the metatarso-phalangeal joint.
The phalanges of the toes are smaller than the corresponding phalanges 
of the fingers. The big toe has two, while the others have three. In 
the little toe, however, the middle and distal phalanges are often 
ankylosed to form one bone.
Muscular Arrangement
The ostensibly rigid bone structure of the limb's constrains them to 
move by rotation about the joints. In order to control these rotations, 
muscles spanning the joints are inserted in the bones at some distance 
from the axis of articulation. The effect of the muscle on the movement 
mil be a function of the moment it can produce about the joint axis.
The moment arm will change as rotation ensues, but a far more 
significant factor affecting the moment is the intrinsic properties of 
the muscle fibres. Each muscle is made up of many fibres, the magnitude 
of the tension may be increased by activating a greater number of fibres. 
The tension which each fibre can produce is a function of the 
instantaneous length of the fibre and the rate of change of length. The 
muscle is most effective at its greatest length. Increasing the rate
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at which it shortens decreases the force which it can exert. If the 
muscle is stretched, however, the force increases as the rate of 
stretching increases. In walking, the efficiency of some of the 
muscles is increased by their relative geometry; they are first 
stretched and then caused to shorten. Others act over two joints so 
that extending one joint and flexing the other maintains the muscle 
at approximately maximum length.
Muscles do not usually act singly. In the performance of a voluntary 
movement a large number of muscles combine in different capacities.
In any particular movement muscles may be PRIME MOVERS, ANTAGONISTS 
or SYNERGISTS. Prime movers are the main muscles producing the movement. 
Antagonists are the muscles which can produce the opposite movement to 
the prime movers. They 1 pay-out-the-line1 for the movement. Synergists 
are the muscles which work with the prime movers and antagonists 
mainly to stabilise the body while the movement is being performed, 
these can therefore be acting as FIXATION MUSCLES.
Muscles are seldom completely inactive, there being maintained within 
them a variable degree of tension which is called its TONS. The force 
of contraction may be utilised in shortening the muscle, the tone being 
constant. This is referred to as ISOTONIC CONTRACTION. The length may 
be mechanically prevented from shortening resulting in increase of 
tension or tone, this is called ISOMETRIC CONTRACTION. When the 
antagonists and synergists slacken they slowly relax after having been 
contracted, this is referred to as RECIPROCAL MUSCLE TONE. When prime 
movers shorten to produce movement this shortening is called 
CONCENTRIC CONTRACTION and the antagonists lengthening is called 
EXCENTRIC ACTION. Figure 2 Page 183 shows the major muscles of the
lower extremity.
The hip joint is a ball-and-socket joint; this allows great freedom ' 
of movement, the only restriction being that the instantaneous axis 
of rotation must pass through the centre of the sphere of the head of 
the femur. It is controlled by five main muscle groups: the flexors
cause the anterior angle between the thigh and trunk to decrease; the 
extensors return the thigh and act in opposition to the flexors; the 
abductors cause the lateral angle between the thigh and trunk to decrease; 
the adductors return the thigh and work in opposition to the abductors, 
and the rotators rotate the thigh about its polar axis. The adductor 
group of muscles is very important for flexion and extension, their 
power in this mode being about two-thirds of their adductor capacity.
The main hip flexor is the iliopsoas, others being the rectus femoris, 
the sartorius which is the longest muscle in the body, and the tensor 
facia latae.
The hamstrings contribute about a quarter of the total power of the 
extensors of the hip. However, the most powerful single extensor is 
the gluteus maximus. Owing to its inclination it is an external 
rotator and because of the position of its lower fibres it is also an 
adductor.
The two main abductors are the gluteus medius and the gluteus minimus.
The main adductor muscles are the adductor magnus, adductor longus, 
adductor brevis, gracilis and the pectineus.
The knee is a hinge joint, its principal actions being extension and 
flexion. The articulating sufaces do not have the same radius so that 
space is left between them for the cartilages and the area of contact
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is increased as load is applied. As the knee flexes, the.femur rolls 
backwards on the tibial plateau and, thus, the instantaneous centre of 
rotation forms an upward curving locus. This locus is determined by the 
shape of the condyles aided by the cruciate and collateral ligaments.
All the extensor muscles of the knee are inserted distally to the tibial 
tubercle by the patella tendon. They are often called the quadriceps 
because they have four distinct origins; they include the rectus femoris, 
vastus lateralis, vastus intermedius and the vastus medialis.
Opposing the extensors are the flexors, or the hamstring group, which 
include the semitendinosus, the semimembranous and the biceps femoris. 
Other flexors include the plantaris, the gastrocnemius and the popliteus*
The Vascular System '
The blood supply of the lower limb can be traced down from the abdominal 
aorta. It divides in the lower part of the abdominal cavity into two 
common iliac arteries, each of which subdivides into the internal and 
external iliac arteries. The latter passes out of the trunk just under 
the skin, traversing Scarpa!s triangle, and courses between the muscles 
on the medial side of the femur; in this region it is called the femoral 
artery. It then crosses the femur behind the knee where it is called 
the popliteal artery. Here, it divides into the anterior and posterior 
tibial arteries and the peroneal artery. The continuation of the 
anterior tibial artery is called the dorsalis pedis artery, and the 
continuation of the posterior tibial and the perineal arteries become 
the medial and lateral plantar arteries. The arteries feed the calf 
and tarsus. Figure 3 Page184 shows the major arteries of the lower 
extremity.
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The arteries in the limbs have thick muscular walls; they branch into 
smaller and smaller tubes, the smaller ones being called arterioles.
The arterioles connect with the capillaries, through the thin walls of 
which material exchange between tissue and blood takes place.. From the 
capillaries the blood flows into venules which, ’ in turn, combine forming 
veins which carry the blood back towards the heart. There are two vein 
systems in the lower limb - superficial and deep. Figure 4- Page 185 
shows the major veins of the lower extremity.
The superficial veins lie in the subcutaneous tissues, forming a complete
network over the foot and leg and eventually draining into two main 
superficial veins, the short saphenous vein and the long saphenous vein. 
The short saphenous vein originates from the dorsum of the foot and 
passes up behind the lateral malleolus and along the middle of the calf. 
On reaching the popliteal area,-it pierces the deep facia and joins the 
popliteal vein. The long saphenous vein passes in front of the medial 
malleolus and along the medial aspect of the front of the shin. On 
reaching the knee, it passes behind the medial condyle of the femur and
then ascends along the medial side of the thigh to the groin, where it
pierces the deep facia and joins the femoral vein. Both the saphenous 
veins communicate freely with each other and with the deep veins.
The deep veins of the lower limb accompany the arteries; below the knee 
there are two to each artery. They collect blood from the deep parts of 
the foot and leg and eventually join the passing popliteal vein which, 
in the thigh, becomes the femoral vein. This enters the abdomen and 
becomes the external iliac vein, which is joined by the internal iliac 
vein from the pelvis to form the common iliac vein. These join from each
side to form the interior vena cava*
Maintenance of flow through the veins of the leg depends on the 
squeezing action of the muscles - often called the auxiliary calf 
muscle pump* Another important factor in preventing reverse flow 
is the presence of many one-way valves* These valves are semi-lunar 
folds of smooth membrance and are more abundant in the deep veins than 
in the superficial*
Lymphatic System
During the interchange of material between blood and body cells water 
permeates from the blood at a greater rate than it can return* Part 
of this water is returned to the blood through channels called the 
lymphatic system. Lymphatic vessels accompany all the veins, both 
deep and superficial. Figure 5 Page 186 shows the major lymphatics 
of the lower extremity.
Those accompanying the superficial veins drain into the superficial 
inguinal glands situated along the line of the groin and just below 
the femoral triangle.
Those accompanying the deep veins drain partly into the popliteal glands 
situated deeply in the popliteal fossa behind the knee, and partly into 
the inguinal glands.
If the water fails to return to the blood, it accumulates in the spaces 
around the tissue cells and produces a swelling known as oedema*
The Nervous System
The limbs and trunk are moved and fixrated by about 2 x 10^ motor units. 
Each unit consists of many muscle fibres controlled by one efferent or 
motor nerve cell in the spinal cord. The force of contraction of each
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unit can be graded over 'a'three or four-fold range by altering the 
frequency of impulses discharged.
The nervous system consists of a central controlling station, the brain; 
the main line of communication, the spinal cord (these two together form 
the central nervous system), and the nerves. The nerves which conduct 
impulses to the central nervous system are called afferent or sensory 
nerves, while those which conduct impulses from the central nervous 
system, are called efferent or motor nerves. In addition, the 
sympathetic nerve fibres supply the involuntary muscles of the body.
Figure 6 Page 187 shows the major nerves of the lover extremity.
The two main nerves which supply the lower extremity issue from the 
lumbo-sacral plexus and are the femoral nerve and the sciatic nerve.
The femoral nerve enters the thigh anterior to the femur and splits 
into a number of branches, most of which serve the anterior muscles 
and the overlying tissue. One branch,, the saphenous nerve, extends past 
the knee where it is subcutaneous on the medial condyle of the femur.
It accompanies the long saphenous vein and supplies the medial side of 
the leg.
The sciatic nerve is deeply embedded in the posterior muscles of the 
thigh and, at about the level of the popliteal fossa, it divides into 
two branches - the medial and lateral popliteal nerves which supply the 
shin and foot.
The Skin
Sheathing the musculo-skeletal system like a stocking is the deep fascia, 
a thin, tough fibrous membrane through which the nerves, blood vessels 
and lymphatics pass. Extensions from its deep surfaces form intermuscular 
septa dividing the leg into three compartments. The anterior separates
the extensor muscles from the peroneal muscles, and the posterior divides 
the peroneal muscles from the hamstrings. Subjacent to the deep fascia 
is the superficial fascia which is a sheet of loose connective tissue.
The fascia is a continuous system which has connections with-the" 
periosteum and ligaments.
Outside the deep fascia are subcutaneous bursae. These are closed sacs 
containing synovial fluid which reduces friction where motion is 
accompanied by high pressure; for example, where a tendon moves 
directly over a bone.
Over the whole of the body above its fascia is a complex continuous 
sheath of tough elastic skin. This is divided into two distinct layers; 
the very thin outer layer of epithelial tissue called the epidermis, and 
a much thicker layer of connective tissue called the derma.
The epidermis has no blood vessels' and so food for the epithelial cells 
comes from the derma beneath. There is, however, a very fine network 
of nerve fibres passing into it.
Numerous hair follicles indent the epidermis into the derma. These 
projections are known as hair papilla and contain blood vessels which 
supply the food and pigment to colour the hair.
The derma is subdivided into two layers; the bottom four-fifths 
consisting of a fibrous structure and the top fifth, sometimes called 
the *thermostat layer1 containing the hair follicles.
Close to the bottom of the follicles there is attached the erector-pili 
muscles and below these an open space containing sudoriferous or sweat 
glands. These glands are closed sacs which each possess a duet - the 
pore - leading to the outside surface of the epidermis. Through these
ducts are excreted water, urea and salts, together with decomposition 
products of the cells. The water evaporating from the skin cools it.
To each erector-pili muscle is a tiny pilo-motor nerve which is very 
sensitive to temperature changes. At the side of the hair follicle and 
connected to it by a duct is the sebaceous gland in which material from 
the blood is converted into oils and waxes.
When the temperature of the skin falls too much, the erector-pili 
muscles contract thus squeezing the sebaceous gland causing oil to 
spread out over the skin to inhibit the evaporation of the water.
In this way the body temperature is accurately maintained to within 
about one degree of 98.4° F.
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C HA P T E R  3
THS ABOVE-KNSS AMPUTATION STUMP
Stump length and contour and position of scar tissue 
is of prime importance, this dictates where possible 
the site of amputation and defines the ideal stump. 
Surgery is briefly mentioned in connection with 
Myoplasty and the importance of stump bandaging is 
stressed. S3d.n problems are outlined, listing the 
common ailments and how these can be minimised by 
careful hygiene.
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THE ABOVE-KNEE AMPUTATION 'STUMP
Introduction
The first requirement for a satisfactory replacement for the lower 
extremity is a properly formed stump. Modern surgical techniques 
give due consideration to stump length and contour, positions 
and type of incision scar, and treatment of nerves, bones and 
muscles. Failure to do this makes limb fitting difficult, weight 
bearing painful, locomotion fatiguing and can result in the amputee 
abandoning the limb completely and reverting to the use of crutches.
Site of Amputation
The view that the surgeon should save as much of the limb as possible 
is not necessarily valid, especially in the case of the long below- 
knee amputation, through the smallest cross-section of the shin, 
where vascular difficulties may arise, causing the stump to atrophy, 
and the bone to protrude at the distal end. This would make load 
bearing and control of the prosthesis virtually impossible and would 
be an indication for re-amputation at a higher level. On the other 
hand, however, if the stump is too short, in particular in very short 
above-knee stumps, the remaining unbalance of muscles may cause the 
stump to assume an abducted or flexed position.
The Ideal Stump
It is generally accepted in this country that for the overage 
European male the ideal stump length for the above-knee amputation is 
about five inches above the condyles of, or ten to twelve inches below 
the top of the great trochanter of the femur. This site allows ample 
space for an above-knee alignment device to be incorporated into the
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manufacturing procedure of the prosthesis, it also facilitates any 
special valve fitting if a total contact or suction socket is to be 
used, and finally permits knee control devices to be incorporated 
about an axis at the same level as that of the contralateral knee 
joint.
Surgerv
The ideal site of amputation is of course based on the assumption 
that it is performed of choice, and not as an emergency or under other 
adverse conditions. Under such conditions the open or guillotine 
amputation is the method chosen and is performed as far distal 
on the extremity as viable healthy tissue will permit. A revision 
operation would then be carried out later.
To be considered clinically sound, and functionally useful the above- 
knee stump should have a well-nourished cutaneous covering, the skin 
should be neither too loose or too tight, when the skin is too tight 
there is usually circulatory disturbances which result in ulceration. 
Myoplasty is becoming more and more popular. This involves suturing 
opposing groups of muscles over the end of the bone, some 
techniques advocate anchoring the muscles to the end of the bone by 
passing the sutures through small holes drilled in the cortex. 
Osteoplasty is also used more recently to refashion the stump. The 
periosteum sometimes with bone chips attached, is sutured over the 
cut end of the bone to close the medullary channel.
The nerves are usually divided by applying slight traction and are 
then severed cleanly about one inch proximal to the site of the bone 
section.
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Stump Bandaging
The importance of correct stump bandaging cannot be over emphasised, 
the object is to condition the stump for the permanent prosthesis* 
Firstly, bandaging reduces terminal oedema and hastens stump 
shrinkage, secondly, it encourages a healthy venous return and helps 
tone-up flabby tissue, and finally it accustoms the stump to being 
constantly covered.
It should not be commenced until the sutures have been removed and 
clinical dressings discontinued, A crepe bandage about 4W to 6” 
vide and about 16 feet in length should be found to be most satisfactory* 
Bathe and powder the stump with talcum powder, then commencing at the 
distant end of the stump apply a few turns firmly to anchor the 
bandage* Lay one or two turns under the end of the stump from 
posterior to anterior and back, and then continue up the stump working 
in an upward direction, position the turns firmly but with gradually 
reducing pressure so that the compression of the stump by the bandage 
is progressively reduced as the bandage travels up towards the top 
of the stump* The bandaging should be continued as high as possible, 
well up into the crotch and over the trochanter of the hip joint.
Finish with several turns around the waist so as to anchor the bandage 
and fix with a safety pin*
Stump Socks
When a suction socket is not fitted a stump sock should always be worn. 
Stump socks are seamless and made of pure virgin wool knitted in fine 
continuous strands. They should fit comfortably over the stump and be 
long enough to allow about four inches to turn down over the top edge
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of the socket. The texture of the stump sock allows ventilation of 
the stump and reduces rubbing and friction against the interior ' 
surface of the socket. To maintain the stump sock, care must be 
exercised in the washing. Difficulties such as wrinkling, change in 
shape, shrinkage and matting of the fabric may be avoided by correct 
washing.
Stump socks should be changed at least once a day and should be washed 
as soon as they are taken off, before the perspiration dries in them. 
They should never be washed in hot water, neither should they be 
rubbed. Wash and thoroughly rinse in lukewarm water using a 
squeezing action. Never wring out, but lay flat to dry.
Skin Problems of the Above-Knee Stump
This involves the highly specialised knowledge of the Dermatologist 
and detail is beyond the scope of this report; it will suffice, 
however, to describe briefly a few common problems associated with the 
above-knee amputee.
The skin of the amputee who wears a prosthesis is subject to many 
abuses, most sockets are snugly fitted in which air cannot circulate 
freely and perspiration is trapped. The socket also provides for weight 
bearing with resultant uneven loadings which cause high direct and 
shear stresses on localised areas of the stump. If suction sockets are 
used the stump is also subjected to negative pressures.
The state of the skin is of the utmost importance in the amputee's 
ability to control and use the prosthesis. Even minute lesions are 
of great importance since they may be the beginning of a far more 
extensive disorder.
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Contact Dermatitis
Contact dermatitis is usually caused by the skin coming into contact 
with chemical substances that act as irritants or to which the 
amputee is allergic. Varnishes, lacquers, plastics, paints, epoxy 
and polyester resins, and natural and synthetic leathers and hides are 
used in the finishing of the socket, as well as polished and anodised 
light alloys. Any of these materials may have some effect on a 
particular patient and the cure lies in establishing the irritant and 
then resorting to a different material. Patch tests are the most 
common in diagnosing the cause of the allergy.
Folliculitis
Folliculitis is sometimes encountered in amputees with hairy oily skin. 
It is often worse in summer when increased warmth and moisture from 
perspiration promote maceration of the skin, which favours invasion 
of the hair follicles by bacteria. Careful washing and the local 
application of bactericides is usually the only therapy required.
Fungus Infections
Superficial fungus infections of the stump may be difficult to 
eradicate because of the favourable environment of the socket. The 
application of fungistatic creams or myocotic powders may be of benefit.
Chronic Ulcers
Chronic ulceration of the distal end of the stump may result from 
bacterial infection or from poor cutaneous nutrition secondary to an 
underlying vascular disorder, or to localised pressures from a badly 
fitted socket. With repeated infection and ulceration the scar may
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become adherent to the subcutaneous tissues. This may necessitate a 
surgical revision.
Stump Hygiene
Stump hygiene is an important factor in preventing. some of the 
pathological conditions discussed. Poor hygiene is largely 
responsible for bacterial and fungus infectionsi Inadequate washing 
of the stump and socket results in maceration of the skin and malodour. 
The proper use of stump socks can help, and the patient should also 
be encouraged to wash regularly with a liquid detergent such as 
'pHisoHex1 which contains hexachlorophene a bacteriostatic agent, and 
has the same pH: value as the skin. The stump should be washed night 
and morning, if a stump sock is worn. If a. suction socket is used, 
however, the stump should not be washed in' the morning, because the 
damp skin may swell, stick to the socket and prevent the stump from 
positioning correctly into the socket, with the result of incorrect 
function and control of the prosthesis.
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THE ABOVE-KNEE SOCKET
The function of the socket in Height Bearing, Suspension, 
Stability, Proprioception and Comfort are discussed, and 
the different designs of socket described. Details of 
the materials used and surface finishes are included 
when considering the manufacturing processes. Finally, 
Casting Techniques used to obtain compatibility with 
the close fitting designs are outlined.
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THE ABOVE-KNEE SOCKET
Introduction
The socket is the most important feature of the prosthesis; it is the 
man-machine interface, through which is monitored bi-directionally 
control signals between the amputee and the prosthesis.
The Function of the Socket
Weight Bearing .
The socket has several main functions, the most important of which for 
the lower extremity amputee is the ability to carry the total body 
weight. Gross body-weight reaction forces can be transmitted through 
the socket by three basic systems - distal bearing, proximal bearing 
or total bearing, or any combination of the three.
Suspension
The socket must maintain a close, intimate fit around the stump when 
load is totally on the contralateral leg, and the prosthesis is swing­
ing under gravity, thus producing withdrawal forces between the socket 
and the stump. This mode of function is termed suspension. Suspension 
may be accommodated in four ways. Two modes influence the socket only, 
the suction socket and the adhering socket. Two modes are external to 
the socket, pelvic suspension and shoulder suspension. It is often 
found necessary to prescribe two or more modes of suspension 
simultaneously. The weight bearing suspension cycles of the stump in 
the socket give rise to small displacements known as ’piston action’ and 
for a successful fitting this must be minimized. Ideally, however, it 
should be completely obviated. Piston action is finite slip between the
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skin and the socket surface and should not be confused with the axial 
stiffness (or flexibility of stump socket system). The latter is 
movement of the skeletal structure along the polar axis of the stump, 
which results in shear deformation of the subcutaneous tissue without 
any movement of the skin on the socket surface.
Stability
The action of the stump during the phases of walking in flexing and 
extending the hip is to extend and flex the knee, this sets up high 
bending movements at the stump socket interface. The stump then acts 
as a lever to position the shin and foot. Any lost motion in this 
anterior-posterior plane results in position error and also tends to 
produce two local areas of high pressure. The greater the angular 
movement between the stump and the socket, the greater these pressure 
intensities will be. Similarly bending stresses are obtained in the 
medial-lateral plane due to abduction-adduction of the prosthesis.
Also, torque about the mechanical axis of the stump due to internal- 
external rotation of the prosthesis with respect to the stump. These 
modes of function of the socket are collectively termed the stability 
of the socket and is closely related to the transverse stiffness of 
the stump socket system. For example, the lateral stability of the 
socket is a measure of the effectiveness in the minimizing of lost 
motion between the socket surface and the stump in the lateral plane where 
as, the lateral stiffness is the couple required to produce unit 
angular displacement of the socket with respect to the bone structure 
of the stump in the lateral plane. Thus, the latter must include the 
containment of the tissues.
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Proprioception
The socket must feed back into the patient’s proprioceptive mechanism 
the exact condition, position, and function of the prosthesis. This is 
accomplished by heuristic learning during walking training and 
subsequent use. Also, through the sense of touch in the skin of the 
stump and by analysing the sometimes very small changes in pressure 
and pressure distribution, and the slight displacements and vibrations, 
that are transmitted to the socket by the prosthesis. These transmission 
paths are usually by reaction from the knee control mechanism, through 
the thigh-socket segment of the prosthesis. It is, however, sometimes 
necessary (for other reasons which will be considered later) to couple 
the shin direct to the pelvic-band, that is, in fitting a ’pick-up’.
This provides an additional transmission link to augment the direct 
reaction control. This direct reaction feed-back to the amputee’s 
stump impose additional design limitations on the knee control 
mechanism, any grating, vibration, judder or hesitation of the 
mechanism will be immediately apparent to the patient, and if 
accompanied by a very slight squeak or sound may become amplified in the 
patient’s subconscious mind and cause him to complain about or reject 
the limb.
Comfort
All the above features are designed into the socket, but the over­
riding factor is comfort. The amputee is very adaptable and 
deficiencies in any of the designed features can be mastered by the 
patient, but if the socket is not comfortable, no amount of excellence 
of design in other areas of the prosthesis will make the limb acceptable.
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Comfort is extremely difficult to define, it means that the socket must 
be carefully and individually fitted to the stump. Areas which are 
sensitive or tender must be skilfully relieved of pressure* Attention 
to nerve ends and incision scars are most important and vascular pressure 
points and ligaments must be allowed to function completely unrestricted*
Distal Bearing Sockets
Distal bearing sockets are designed to take the load of the amputee on 
the end of the stump. This usually applies only to disarticulations 
of the ankle and knee joints where the condyles of the bone remain to 
form a natural load bearing structure. Any attempt to take end load 
on the sectioned bone alone, results 5.n stump failure. In America, 
however, Swanson advocates mushroom shaped bone plugs made of medical 
grade silastic rubber, together with a myoplasty amputation, to form 
artificial end bearing stumps. A high success rate is reported, but to 
my knowledge, no work in this direction has yet been conducted in the 
United Kingdom.
Proximal Bearing Sockets
The proximal bearing socket takes the weight around the top third or 
brim of the socket. Two distinct shapes or varieties are in common use 
in this country and a third used in America. The ’conventional1 socket 
takes the load primarily by oblique shearing of the musclature of the 
gluteal area. The anatomical or ’H1, socket takes the major loads on 
the bony protruberance of the ischium of the pelvis; this is termed 
’ischial bearing1. The quadrilateral socket is used extensively in 
North America.
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Total. Contact or Total Surface Bearing Sockets
These sockets are closely fitted to the shape of the stump end the 
load is taken over the whole area. Usually, however, with some degree 
of ischial bearing. An exception to this is possibly the tissue fluid 
bearing socket.
The Conventional Socket
The basic shape of this socket has been used for more than 50 years 
and many thousands of amputees from the two world wars and from civil 
trauma have been successfully rehabilitated using it.
The conventional socket lends itself readily to standard manufacturing 
techniques, both in light alloy and wood. Figure 28 Page 209 shows 
a photograph of a conventional metal socket.
The brim or inlet shape of the socket in the plan view is approximately 
triangular and forms the load bearing area. The apex of the triangle 
is a point over the great trochanter of the femur, the anterior medial 
angle is known as the adductor corner and the posterior medial angle 
forms the gluteal shelf. The adductor corner is the region occupied by 
the tendon of the adductor longus and it is most important in 
subsequent fitting. The modern tendency is to emphasise this corner 
and allow freedom for the tendon. The anterior third of the base of 
the triangle is the area occupied by the adductor region and is in 
close proximity to the perineum. The middle third is curved outwards 
to form a partial weight-bearing area for the ischial tuberosity and is 
known as the tuber shelf; this flares into the posterior third and 
forms the expanded gluteal shelf which affords additional weight-bearing 
by oblique shear of the tissues of the buttock area. The gluteal shelf
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merges through the posterior part of the socket up more oblique until 
it meets the trochanteric apex where it lies vertically.
From the anterior aspect the brim of the socket reaches its highest 
point laterally-at .the.site of the trochanteric apex; it then passes 
anteriorly medially and downwards parallel to the inquinal ligament, 
to the adductor corner. About there, the brim assumes its lowest 
position (called the lowest point of roll). From the gluteal shelf 
and up posteriorly and laterally to the highest point again.
The triangular shape is maintained for some distance down the lumen of 
the socket, the base and angles tending to be internally rotated to 
allow for the forward sloping of the adductor muscles. The shape then 
gradually becomes circular, oval or coniform according to the stump 
requirement.
The shape described above is the basic or starting shape of the socket. 
Local alteration during the *trial* stage to make the socket fit the 
individual,. results in sometimes quite large deviations, according to 
the anatomy of the patient’s stump.
The conventional socket is manufactured today in two basic materials, 
metal and wood. There is a basic difference in the fitting of the two 
sockets although they may both be similar in shape. In the metal 
socket the volume of the socket can be easily increased or decreased 
during the ’trial’ by altering the lap joint. In the wooden socket, 
however, it is only possible to increase the volume by carving out 
the material, glueing on additional material and recarving out, being 
a laborious operation. . '
-  60 -
The Conventional Metal Socket
The conventional socket lias now been arrived at empirically by measuring 
many thousands of stumps. It has been found that the basic shape of 
these sockets can be made on standard ’Lasts1 in various sizes. ' 
Measurement of the top circumference, the bottom circumference and the 
length, selects a particular ’Last’ nearest to the dimensions and 
alteration to mid-circumference, flexion and abduction settings, 
results in a basic shape to start the fitting from. The inside shape 
of the socket is further checked with sets of standard templates. The 
position of which, down the lumen of the socket is related to the 
datum - the ’lowest point of roll’. Standard ’Last’ sizes range from 
13*2 inches top circumference and 7^-inches bottom circumference, left 
and right. The standard templates range in circumference from 
11-g- inches in -J- inch increments, to 24 inches.
Material
The material chosen for the metal socket is 20 gauge ’Alclad’. This 
is aluminium alloy sheet to B3S 2L72 annealed, sandwiched between two 
thin layers of pure aluminium. "The pure aluminium affords much better 
corrosion resistance. During hand forming and finishing operations 
such as shrinking, stretching, plannishing and rolling, this coat of 
aluminium does tend to become thinned, but it is never completely 
removed.
Finish
After the socket has been fitted at ’trial stage’ the sharp edge of the 
brim is wired. This gives additional rigidity to the top and provides
a smooth beaded rim. The socket may be perforated to give additional 
ventilation; this consists of punching 3/16” diameter holes over the 
socket at space lattice pitch of about ip inches.
The lap joint down the lateral.aspect of the socket is located with 
three rivets and bonded using hot setting epoxy resin. After bonding, 
the sharp edge of the joint on the inside of the socket is flared off 
to give a smooth, continuous surface. On sockets that have an extended 
gluteal shelf a re-inforcing strut may be incorporated, affording 
additional support to the greater overhang.
The final inside finish may be one of several standard types according 
to the prosthetic prescription. The surface can be highly polished 
and burnished; this is more common on suction sockets. Alternatively, 
the socket can be anodised to give a good corrosion resistance, coherent 
oxide film, or the socket may be spray painted. This is usually in the 
form of sand-blast, etch prime with chrome-manganese based primer and 
finished with two coats of cellulose.
The Conventional Hood Socket
The conventional wooden socket is similar in shape internally to the 
metal socket just described. The outside, however, where possible, is 
shaped to approximately the same dimensions as the other leg so as to 
present a good cosmetic appearance.
The material of choice is willow, but this is in short supply and 
alternatives such as 1Cbeche’, a soft hard-wood from Central Africa have 
to be used.
The internal shape is carved out from a pre-drilled 3” diameter hole 
with special tools called ’pulling tools’ and this process is known as
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•pulling a socket*. Again the internal shape is checked with standard 
templates. The interior surface is smoothed, filled and finished, 
usually with.a shallac varnish. The outside is covered with rawhide 
for additional strength and it may be further re-inforced by screw-wires 
interlaced within the thicloness of the wood, or local hard-wood plugs 
glued in strategic positions.
The *Ht Type Socket .
The ’H* type or anatomical socket was developed over a period of years 
as an alternative to the conventional socket. The first to be tried 
was a design called the *X* socket; this.was evolved in about 1935*
This socket underwent development over the years and became known in 
early 1950 as the *50*. socket. Finally in 1955 the ’H* socket was 
scheduled for use all over Great Britain.
The ’H* socket has the ischial seat flattened and the adductor region 
displaced medially in relation to the seating. Figure 29 Page 210 
shows a photograph of a metal *K1 socket.
The medial wall is straight or concave towards the interior and a 
’pubic notch* about -J- inch in depth below the tuber seat is incorporated. 
The lateral wall of the socket is set-in behind the trochanter of the 
femur forming a slight re-entrant curve; this helps to stabilise the 
socket on the stump. Since the tuber shelf is more perpendicular to 
the ischial tuberosity, virtually all the weight is taken on this seat 
and all but the most muscular stumps have true ischial-bearing. As the 
stump must be positioned well on this tuber shelf, the anterior region 
of the socket is slightly higher than in the conventional socket. This 
anterior area is well flared, such that when sitting it does not cut
-63 -
into or interfere with the perineum or the region of the abdominal 
tissue. The general shape of the brim is carried well down into the ‘ 
middle of the socket, particularly in respect of the groove for the 
adductor longus. At this level the adductor longus has a fleshy muscle 
belly and the groove in the socket is iddened to allow for muscle 
expansion. Similarly, other muscles such as the hamstrings may 
require room to expand. It follows, therefore, that the middle 
circumferential measurement may be greater than the top circumference, 
necessitating a degree of 1undercutting1 posteriorly and medially.
Again the basic shapes from which to start the fitting is chosen from 
the nearest rLast! and template shapes and sizes and the socket can, 
like the conventional, be ordered in metal or wood. Figure 29 Page 210 
shows photographs of a typical !H! type socket.
The Quadrilateral Socket
The quadrilateral socket is used almost exclusively in America. It gets 
its name from the approximate rectangular shape of the socket inlet.
The anterior medial corner is accentuated to accommodate the adductor 
longus. The medial edge then runs posteriorly, in a more or less 
straight line, to the medial posterior corner, which is flattened off 
square to form the ischial seat. From here the posterior surface runs 
virtually straight in a slight posteriorly sloping direction, to the 
posterior lateral aspect. This is smoothly curved around the base of 
the gluteus maximus. The lateral side now moves anteriorly in a curve 
around the greater trochanter of the femur and then on to the well 
radiused anterior lateral comer. This corner accommodates the tensor 
fascial latae muscle. The anterior surface of the socket is slightly
curved over the rectus femoris and sartorius and then carries on again 
to the adductor comer,
From the posterior view the highest part of the socket brim is 
approximately at the anterior lateral corner. From here it runs 
slightly down and flares out to the adductor corner. As it passes 
round the corner it dips quickly and flares out just posterior, to the 
comer. The anterior portion of the medial wall is cut lower to give 
relief in the perineum area and then climbs very slowly to the ischial 
seat. From the ischial seat the profile of the posterior wall runs 
fairly flat to the posterior lateral comer. At the corner it quickly 
rises over the outside of the gluteus maximus and slopes up over the 
trochanter and up to the high front.
The Suction Socket
The suction socket is accurately constructed such that it fits closely 
around the stump and maintains a good airtight seal. It must not, 
however, be so tight that it restricts the muscles of the stump or 
impairs the blood circulation. Suction sockets can be supplied in the 
*11* type or quadrilateral cross-sections.! shape, and may be made either 
of 16 gauge metal, wood or of laminated plastic. The shape is similar 
to the non-suction varieties and tile distal end is sealed to form an 
air space around the bottom of the stump. A bag of ’silica gel’ is 
usually placed in the space to absorb any excess perspiration.
The Valve
A valve, which must be easily accessible from the outside of the thigh 
section is incorporated at the lowest point of the socket. There are 
various designs of valve used today, some quite small and neat, others
rather more bulky. '
The springless valve is effectively a simple flap valve, the stiffness 
of which permits egress of air in the stance phase to virtually 
atmospheric, while in theswing- phase, the valve closes and negative 
pressure builds up to about 1-Jr p.s.i. below ambient pressure.
Some valves have double springs to give different pressures for ingress 
and egress of air, and others permit only egress of air. All valves, 
however, when fitted to non-total contact suction sockets, should be 
set so that the difference from atmospheric pressure, either positive 
or negative, is not greater than about l|r p.s.i.
Applying the Socket '
No stump sock is worn with suction sockets; the skin of the stump being 
in close contact with the socket wall. To facilitate the introduction 
of the stump into the socket, however, a thin sock is used. The sock 
is pulled over the iump and the valve of the socket removed; the stump 
is then pushed into the socket and the sock pulled off, out through the 
valve aperture. This positions the soft tissues securely in the socket 
and the ischial tuberosity on its seating; failure to achieve this 
correctly may allow piston action of the stump in the socket, resulting 
in rather anti-social noises as the air around the stump escapes. When 
the stump is correctly positioned in the socket, full weight is applied 
to the leg and the valve inserted. This seals the stump in the socket.
The Adhering Socket
The adhering socket, like the suction socket above, is accurately fitted 
to the contour of the stump. No stump sock is worn., the skin being in 
close contact with the socket wall. The brim is smaller in the medial,
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anterior and posterior aspects than the middle of the socket, to allow 
the muscle bellies to expand. This under-cutting of the socket
together with the close adhering of the skin is sufficient to suspend
the socket without the need for any valve or negative pressure around
the distal part of the stump.
The Total Contact Socket
The total contact socket fits accurately over the whole surface of the 
stump. This, of necessity, involves taking an accurate cast of the 
stump. Many attempts have been made to develop an accurate 'cast taking* 
or ’casting1 technique.
Three basic techniques will be briefly discussed; these being,
’The Gravity Feed* technique, ’The Bosmer Brim’ technique and ’The 
Tissue Fluid Bearing’ technique.
The Gravity Feed Technique
This technique was developed by McKenzie (Roehampton) in an attempt 
to obtain an exact replica of the distal end of the stump; when the 
patient is transmitting body weight through his stump. An ’H* type 
socket is accurately fitted to the proximal section of the stump, the 
distal section of which extends below the length of the stump. This 
extra length is perforated from about the region of the end of the 
stump to the region where the accurate fit of the top tends to fall 
away. This is usually found to be about two thirds down the stump 
length. The end of the socket is sealed with a plate through which is 
secured an inlet to accommodate a flexible pipe. The whole apparatus 
is fitted into a standard pylon, such that the patient can stand and if 
necessary walk, to ensure that the stump fits correctly into the ’Pre-Cast’
- 67 -
socket. Attached to the other end of the flexible pipe is a container 
which can be elevated to any desired height. Into this container is’ 
poured a very creamy slurry of plaster of. paris and water. As the 
container is elevated this mixture rises in the pipe and in the socket, 
thus engulfing and pressure casting the end of the stump. The 
perforations are sealed with a porous membrane such as ’Elastoplast1 
so that the air can escape as the plaster rises. In this way the 
pressure around the end of the stump can be controlled by the height of 
the container. TrJhen the plaster has set, the stump is removed and the 
female cavity is filled with plaster; this forms a male cast from 
which, after modification, the laminated socket can be manufactured.
The ’Hosmer* Brim Technique
This technique was developed by the University of California at Berkley, 
A set of quadrilateral type shaped brims are used in a range of sizes 
for both left and right legs.
The proper brim is selected according to the medial lateral dimension 
of the stump as measured from the adductor longus tendon to the 
greater trochanter of the femur. The brim is fitted into the casting 
jig and the height adjusted such that the pelvis is horizontal when 
the amputee is standing with weight equally on both sides. The anterior 
posterior halves of the brim are adjusted by means of screw jacks 
incorporated in the casting jig and fitted to the amputee. The 
protruding distal portion of the stump is then wrapped with plaster 
bandage to closely contain the soft tissues. From this a plaster model 
is made which is used in the manufacture of the socket.
The Tissue Fluid Bearing Socket -
This is a total contact socket which Is manufactured on a plaster model 
of the stump obtained by a special casting technique.
The Design Philosophy
The above-knee stump can be considered as a fairly constant fluid filled 
bag consisting of an outer envelope - the skin the deep fascia, a 
ceiling - the side wall of the pelvis and abdominal wall, and a central 
control strut - the femoral shaft. The soft tissues of the inner stump 
can be considered as a complex fluid filled system. This system has 
three major compartments; the intra-vascular compartment, the 
interstitial compartment and the intra-cellular compartment. The shape 
of the ’fluid bag* may be altered, but the volume cannot be significantly 
changed. Under these conditions the total body weight of the patient 
can be taken over the whole area of the stump and this will result in 
a rise in the hydrostatic pressure of the stump. This pressure is 
independent of the total surface area of the stump and is related only 
to the cross-sectional area of the stump at the top of the socket. The 
tissues of the stump can, within limits, be deformed with respect to the 
skeletal structure and if distal stress is applied this will result in a 
decrease in diameter and in an increase in length of the stump. When the 
’slack’ of the tissues has been taken up, the stiffness is greatly 
increased; any further deformation requiring much higher loads. If the 
socket is pressure cast over the whole area of the stump while the distal 
stressing is equal or slightly greater than the total weight of the 
prosthesis the socket vail stay in intimate contact with the stump, under 
the distraction forces of the suspended leg. The pressure casting of 
the stump is achieved by using an elasticated stocking. The elasticated
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stocking was used many years ago by Hanger Development Fitters, but it 
was first reported by Fitali and Redhead in 1967*
The Casting Technique
The patient is laid on a specially designed casting table and casting 
pants are constructed from calibrated elastic stockinette to the 
measurement of the stump* A distal load of about 10 lb. is applied.
The stump and stockinette are thoroughly wetted with plaster and then 
wrapped with plaster soaked bandage* A slight depression is made around 
the ischial seat and also behind the greater trochanter. The cast is 
filled and the male model unmodified is used to laminate the socket* 
Figure 30 Page211 shows a photograph of the T S B socket.
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C H A P T E R  5
CLASSIFICATION OF PROSTHETIC LEGS
The Ministry of Pensions Scheme for assessment of 
disability is outlined in conjunction with the 
amputation site and prosthetic replacement. Each 
limb is defined and particular reference is made to 
the through-thigh devices. Finally, pylon 
appliances are briefly described.
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CLASSIFICATION OF PROSTHETIC LEGS
Introduction
During.the first world war, the then Ministry of Pensions found it 
necessary, due to the large numbers of casualties, to devise a scheme 
to estimate the amounts of pension payable to disabled servicemen.
This was calculated according to the degree of immobilisation in terms 
of the length of the remaining stump. For example, a disarticulation 
of the hip would be allocated the highest pension and designated 
level one. The numbers following the successive amputation sites down 
the leg. Progressively, numerical classification increased as the 
length of the stump increased, while the assessment of the pension 
decreased. Certain of these numbers have been perpetuated and form 
a convenient method of classifying a leg. ■
Classification
The Number One Tilting Table Limb
The tilting table limb is prescribed in cases of hemipelvectomy or 
hind quarter amputation, disarticulation of the hip, or amputations 
through the head or neck of the femur and subtrochantric amputations 
where the remaining length of stump is three inches or less.
The Number Two Leg
The number two leg was originally prescribed for amputations through 
the top third of the femur. Today, however, it is prescribed for all 
amputations through the thigh, at levels below that for the tilting 
table limb and where a Number Three suction limb is not desirable.
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The Number Three Log .
The number three leg was originally prescribed for amputations through 
the lower third of the thigh. Today it is prescribed for amputations 
through the thigh at all levels where the remaining stump permits the 
fitting of a suction socket or other type of total contact or self- 
suspending socket, or where pelvic suspension is not desirable.
The Number Six Leg
The number six leg is prescribed for disarticulations of the knee 
transcondylar and Stockes-Gritti amputations where the remaining 
stump permits a considerable amount of end bearing.
The Number Seven Leg
The number seven leg is prescribed for very short below-knee amputation 
where the knee is ankylosed in the fully flexed position.
The Number Eight Leg
The number eight leg is prescribed for amputations below the knee 
where the knee joint requires additional support from an above-knee or 
thigh corset.
The Number Twelve Leg
The number twelve leg is prescribed in cases of long below-knee 
amputations where the thigh corset is not necessary.
The Humber Thirteen Leg
The number thirteen leg is prescribed for disarticulations of the ankle 
and Symes amputations where the remaining stump permits a considerable 
amount of end bearing.
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The Number Sixteen Leg ' . t
The number sixteen leg is prescribed for levels of amputation as in’ 
Number Thirteen and above, but where the stump does not permit end 
bearing and a load bearing thigh corset has to be incorporated.
The Number Eighteen Leer
The number eighteen leg is prescribed for Chopart, Piragoff and Lisfrans 
amputations and trans-metatarsal amputations where a surgical boot 
type appliance is not desirable.
Note
All the levels are listed for reference, but this report is primarily 
concerned with the number two and three levels. Descriptions of the 
conventional number two and three limbs as scheduled to the Ministry 
of Health today appears in Appendix A on Page 293 at the end of this 
thesis.
The Pylon
The term *pylon1 is applied to a prosthesis issued as a temporary 
measure; it is an inexpensive appliance which can be quickly assembled 
from 'stock* components and is supplied under the present day 
rehabilitation system for several reasons. Firstly, to render the 
patient ambulatory as soon as possible, whilst waiting for the 
definative prosthesis. Secondly, to strengthen the stump muscles in 
parallel with stump bandaging and remedial exercises. ■ Furthermore, 
it permits experimentation in the fitting of the socket and the stump’s 
reaction to wearing a limb in individual cases. Finally, to provide 
for geriatric patients, about whom there are some reservations to the
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supply of a permanent prosthesis- .
Above-Knee Pylon Hark III
This prosthesis consists of a light metal socket, riveted to 
aluminium alloy 'side steels* articulated at the knee andshas a wooden 
1rocker end1. The socket is either of the ‘conventional* or 
‘anatomical* shape and is left with'a riveted lap joint for easy 
adjustment. The brim is unwired. Figure 26 Page207 shows a 
photograph of a typical Mark III pylon.
The knee is articulated with clevis joints and semi-automatic ring 
catch lock is used so that the knee is locked for walking, manually 
unlocked for sitting and automatically re-locks when the leg is 
straightened. The pylon is usually fitted with pelvic suspension 
(No. 2 leg), but three point shoulder suspension can be prescribed 
(No. 3 leg).
The Permanent Pylon
This is prescribed when there are contra indications to the supply of 
a definative prosthesis; it consists of a socket, 'side steels' and 
knee joints as above, but instead of a 'rocker end* it is fitted with 
a 'lower end of shin1 and a conventional ankle and foot. Figure 27 
Page20& shows the device.
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G H A P T S R 6
THE USE CF MUSCLES IN STANDING AND WALKING
In standing the legs are constrained in the straight 
position by the muscles# The knee is often fully 
extended and hyper-extension is prevented by the 
ligaments. In miking pelvic drop is limited by the 
contralateral hip abductors, the leg hangs and the 
swing- is controlled by the extensors and flexors of 
the knee and hip to position the foot to take weight. 
Momentum and push-off of the other leg carries the 
body over ready for the next step.
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Tim USE eg MUSCLES IN STANDING AND WALKING
In the upright position the hip and knee joints are almost fully 
extended and the foot is approximately at right angles to the leg.
These joints are constrained in such positions by.the muscles.
Extension of the hip is prevented by tension in the Ilia-femoral 
ligament at the front of the joint, excessive extension is prevented 
by contraction of the psoas muscles of the two sides which also play a 
part in preventing lateral bending of the lumber part of the spinal 
column.
Flexion of the knee is prevented by the contraction of the vasti 
muscles and of the rectus femoris, in which case the latter also 
prevents hyperextension of the hip. Usually, however, the knee is 
fully extended and gravity tends to cause further extension. This
is resisted by the ligaments of the knee joint. The foot is fixed by
contact with the ground, and the tibia and fibula are kept from 
dorsiflexion with respect to the ankle by the contraction of the soleus.
The tibialis anterior and peroneous longus may also play a part in 
maintaining the arches of the foot, and the body weight is transmitted 
through the balls of the toes and the heels to the ground.
Walking
When the left foot is lifted from the ground to make a step the support 
for the pelvis is lost on that side and the body weight must therefore 
be transferred more to the right, and the tendency for the pelvis to 
drop must be corrected. These are accomplished by concentric 
contraction of the gluteus medius and the tensor facia latae of the
right. Not only do they prevent the drop but actually raise the left side,
thus helping the foot to clear the ground as the leg swings forward. 
Having tilted the pelvis these muscles remain in isometric 
contraction to maintain the new position. The left femur is flexed 
by the concentric contraction of the psoas and the rectus femoris.
The shank hangs from the knee under gravity, flexion being controlled 
mainly by the quadriceps. Gn the right the psoas and quadriceps are 
stabilising the hip and knee.
The next stage is accompanied by a forward swing of the body produced 
by contraction of the extensors of the right ankle. At the same time 
the left limb is projected forward by extension of the knee under the 
action of the quadriceps. The calf group slow the shank down to bring 
the foot into a position where the body weight can fall onto it, and 
momentarily the weight rests on both feet, the so called *double 
support phase* of walking. Momentum, however, carries the body 
forwards onto the left foot and this is assisted by 1 push-off1 of the 
right limb. This push-off involves a number of actions. There is 
lateral rotation of the hip produced by the piriformis, obturators, 
gluteus maximus and the ham strings. Extension of the knee is 
maintained by the quadriceps. The weight is transferred to the toes 
and coincident contraction of the plantar flexors of the ankle and toes 
lift the body weight forward. The arch is maintained by the tibialis 
posterior so as to form a rigid lever. The push-off complete, the left 
leg assumes the support of the body as described above, and the right 
leg takes the next step.
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THE LCCOMCTOR MECHANISM
The complexity of gait is stressed in conjunction 
with the many influencing factors such as speed, 
terrain and environment. The effects of foot wear 
and voluntary control changes are mentioned as well 
as individual characteristics.
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THE LCCQHOTOR MECHANISM
Complexity of Normal Gait
Many attempts have been made to describe normal gait but few 
descriptions have been sufficiently adequate to cause a great change 
in the thinking when tabulating the criteria for the design of a 
prosthetic replacement. The work of the University of California 
entitled ’Prosthetic Devices Research1 must, however, be mentioned as 
most of the basic data on gait analysis used in this thesis is taken 
from that report.
It is important to appreciate that variations occur in normal gait, 
dependent on many factors. Gait may be rapid or slow, it may be 
vigorous or slovenly, youthful or aged. It varies with roughness or 
smoothness of theterrain and the inclination of the surface. It is 
dependent on the lighting and the visibility and whether the environment 
is known to the ambulator and whether that environment is hostile.
Gait differences are brought about by foot wear and other items of 
clothing and can also be varied at will to bring about profound changes. 
For example, an actor’s stage expression, or a mini-skirted lady wishing 
to draw attention from the opposite sex.
The mere consideration of anatomy and physiological processes 
involved in the act of normal walking would be incomplete without making 
due allowance for conscious thought, proprioception, and the vast fields 
of condition!sed reflexes that are brought into play. let each individual 
has a characteristic gait which can make him immediately recognizable 
both by sight and sound. These gait characteristics can be analysed and 
the various phases defined, this process is termed ’gait analysis’.
GAIT ANALYSIS
Gait analysis obtains the basic information used in 
the design of prostheses and evaluates these 
replacements in the clinic* Measurements-of forces, 
displacements and velocities are detailed using 
standardised techniques. Cadence, stick diagrams and 
pin studies are discussed in relation to the Kinematics 
of locomotion, and force plates and electromyography 
in the study of Kinetics. Finally, common deviations 
in prosthetic gait are defined.
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GAIT ANALYSIS
Gait analysis is the qualitative and quantitative measurement of the 
translations and rotations of the various body segments with respect 
to each other, and to fixed axes in space,' and the time rate of such 
motions in normal and prosthetic locomotion. This includes such 
factors as arm swing, trunk movements, and changes in head 
orientation, as well as the major movements of the lower extremity. 
Qualitatively gait analysis is used at the practical or clinical 
level to observe deviations in prosthetic gait.
Quantitatively gait analysis is used to obtain basic parameters from 
the normal mechanism, upon which is based the design of the prosthesis.
Quantitative Gait Analysis
Precise measurement of pace and stride length, the times of-the various 
phases of movements and the associated forces acting, is the aim of 
gait analysis. These measurements can be divided into three basic 
groups, temporal factors, kinematics and kinetics.
Temporal Factors
Temporal factors include the times taken for the different phases of 
walking. Measurements are made using a standard walkway with a 
specially designed conducting floor. The walkway is a raised platform 
about twenty yards long to allow a series of uninterrupted steps to be 
taken. Metal foil strips bonded to the soles of the subjects' shoes, 
form the contacts, and the circuit is so arranged .that when standing 
with one foot on the floor the conducting path is open until the heel of 
the other foot contacts, the circuit then closes and remains so during 
the double-support phase. At the instant either foot is removed i.e.
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the swing phase, the circuit is again interrupted.
Cadence
The number of steps taken per minute is a basic characteristic of 
gait and has been given the name cadence. Drillis carried out a 
statistical study of cadence and reported that for a thousand normal 
.subjects the mean cadence M = 112.5 steps per minute. Figure 11 
Page 265 shows a table of the results. He also reports that the mean 
for 12 above knee amputees was 90.5 steps per minute. Normal gait 
is symetrical, prosthetic gait may not be, this may be judged by 
measuring the time intervals for the phase of each leg, and also 
by listening to the sounds of sequential footfalls.
Another measure of gait is the ratio of swing-phase time to stance- 
phase time, in symetrical gait this is the same for both legs. In 
normal gait this varies between 0.5 and 0.8 for both legs. This means 
that when-the ration is 0.5 the stance-phase is twice as long as the 
swing phase. At the point when walking changes to running this 
ratio is unity.
The double-support time is that interval when both legs are in 
contact with the ground, this decreases fairly linearly with cadence, 
and when walking changes to running double-support time becomes zero. 
Figure 7 Page 188 shows the events of walking.
Kinematics
Kinematics of locomotion, studies the displacements, velocities and 
accelerations, both linear and angular, of the leg segments, without 
any reference to the forces involved. Many methods have been used, 
the most common and versatile methods, however, use cine1 photography.
Bernstein established the following criterian for a minimum requirement 
in the recording of body movements* The method should provide for an 
uninterrupted progres sion, it should not interfere with or influence 
in any way, the performance of the activity, and it should lend itself 
to any easy interpretation and evaluation of the obtained data*.
Measurement of Displacements
Several methods are used to measure the motion of the lower extremity, 
all the methods, however, rely ultimately in the production of a 
stick diagram*
Stick Diagrams
The centre of rotation of each joint is marked, and a photographic 
record of the walking activity is obtained* The centres of each joint 
for a given instance of time are j oined together with straight lines 
and the successive positions for sequential time intervals are 
reproduced on a single plate over a complete walking cycle* This 
results in a series of segmental lines and is called a Stick-Biagram.
The Glass Walk-Way
The glass walk-way is a raised platform long enough to enable the 
subject to reach an easy comfortable and natural gait at the middle 
or working section from either direction* The working section has a 
glass floor under \doich is placed a mirror inclined at 4-5° • A camera 
placed about 4-0 feet away can photograph the side and the bottom of the 
subject with a minimum of parallax and perspective error* A clock is 
placed in the field of view of the camera to synchronise the time- 
motion relationships.
To determine accurately the paths of motion of the true skeletal joints 
as opposed to the positions of marks on the skin, target pins are 
attached firmly to the bone* Stainless steel pins are inserted under 
local&naesthetic into the cortices of the bones* The regions usually 
selected are the tuberosity of the ilium, the adductor tubercle of the 
femur and the tibial tubercle.
Figure 13 Page 194- shows a graph of the angular displacements of the 
hip, the knee and the ankle against percentage of walking cycle.
Figure 14 Page 195 shows the vertical displacements of the leg joints 
and Figure 15 Page 196 shows the horizontal displacements of the leg 
joints.
Stride Length
Stride length is a basic criterion of gait, it is the distance between 
two consecutive heel contacts of the same leg. The limits, range and 
mean valves are characteristics of gait. Observations on normal 
subjects give stride limits of 42 and 78 inches, the range is 
36 inches. The arithmetic mean is 60.1 inches and the standard 
deviation is 3*96 inches. Figure 11 Page265 shows a table of the 
results of a statistical survey. In some cases it is more convenient 
to measure the step length. This is equal to the distance between two 
su.ccessive heel contacts. In symetrical gait this is equal to half the 
stride length.
Measurement of Velocities
The velocities of the segments of the leg can be calculated from the 
stick-diagx'am by numerical differentiation. Using the approximation
Interrupted Light Technique
To achieve greater accuracy in the movement of component velocities 
flicker photography is used. Illuminated targets are fixed to the 
estimated joint centres of the leg and the subject walks in a 
darkened room in front of the open lens of the camera* The field 
of view of the camera is interrupted at a specified frequency by 
revolving a slitted disc with a synchronous motor. In this way the 
time interval 6t can be obtained with greater precision and thus 
the numerical differention approximates more closely.
Figure 16 Page 197 shows the angular velocities of the thigh and 
shank, against percentage of walking cycle.
Figure 17 Page 198 shows the vertical velocities, and Figure 18 
Page 199 shows the horizontal velocities.
The speed of walking is determined from the corresponding step 
length and cadence valves, Figure 11 Page265 tabulates the results. 
It has been found that the mean speed of walking for normal subjects 
is 4.76 ft/sec.
Measurement of Accelerations
The accelerations of the leg segments can be calculated from the 
stick-diagram by a second numerical differentiation;,,, and Figure 19 
Page-200 "shows a graph of angular accelerations of the thigh about 
the hip and the shin about the knee joints against percentage cycle 
calculated in this way. Figure 20 Page201 shows the vertical
accelerations, and Figure 21 Page 202 shows the horizontal accelerations.
Accelerometer Techniques
Electrical transducers which are sensitive to acceleration, and which 
are small in size and mass have been used* Seismic-mass 
accelerometers have also been developed to be used in conjunction with 
prostheses. Data obtained from these experiments, however, has been 
fairly limited because of the difficulty of analysing the results.
The accelerometer must be placed very accurately at the centre of 
percussion of the leg segments, otherwise the accelerations sensed 
will be vector sums of the vertical and horizontal translatory 
accelerations, as well as the angular and centripetal components.
The exact locations of the centre of percussion of the thigh and shin 
‘in-vivo*, is very difficult to measure, and the accelerations of 
the prosthetic shank is modified by the transducer itself. Furthermore 
very complex data recording and read-out equipment for these 
techniques is required, and this has limited in the past much of the 
work in this direction.
Kinetics
Kinetic studies of the leg deals with the forces acting on the segments 
during the phasic motions of gait. Two separate systems need to be 
analysed, the external force systems or reaction forces and the 
internal forces. •
Measurement of Reaction Forces
Various methods have been evolved to measure the floor reactions during 
walking, most techniques use some strain sensing transducer, usually
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two identical systems are used, one for each foot separated by the 
average step length.
The Force Plate
The force plate is a strain gauged unit placed in the floor of the 
walk-way or inclined ramp, or forms a step in a stair case. It 
consists of a rigid upper plate which is supported on beams and 
designed such that deflection of the latter indicates centre of 
pressure of the foot, i.e. the magnitude direction and point of 
application of the resultant forces of the foot on the floor. This 
is accomplished by measuring the resultant vertical force, the fore and 
aft shear force, the lateral shear force, and the torque about the 
centre of the plates.
Figure 22 Page 203 shows the graph of the resultant vertical force, 
and Figure 23 Page 2 04- shows that of the fore and aft shear both 
against percentage of cycle.
The Instrumented Leg •
This device is basically a special P.T.B. limb with strain sensing 
transducers designed to measure the moments and direct forces about 
the knee joint in a below-knee amputee. Success has been very limited 
due to cross-coupling effects of one transducer on the others, and 
hence difficulty in assessing exactly what is being measured.
Measurement of Internal Forces
The most convenient method of measuring muscle activity is by the use 
of electromyography. The minute changes of electrical potential which 
occur when muscle fibres contract are recorded and examined. Wire or
needle electrodes may be inserted into the muscle bulk and signals 
obtained as such are much stronger than those obtained from surface 
electrodes. The needle or wire, however, does produce discomfort and 
this tends to change the mode of gait of the subject. For this reason 
surface electrodes applied to the skin over the active muscle are 
generally preferred. If the skin is abraded and the electrode applied 
with electrode jelly the external impedence is reduced to virtually 
that of the wire or needle. Figure 24- Page 205 shows summary curves 
of electromyographic activity of muscle groups as a percentage of 
maximum, against percentage of walking cycle.
Energy Cost 8tudj.es
The energy expenditure in walking can be calculated from pulse rate 
and oxygen consumption. Resting pulse-rate and basal aerobic working 
capacity is measured. The pulse rate and oxygen intake is measured 
at intervals during walking. From these results the total caloric 
demand is obtained by adding the basal metabolism to the computed 
oxygen excess.
Motility Index
Bertalanffy has shown that in animals the average pulse rate and 
respiration rate are inversely proportional to the cube root of the 
body weight, a similar proportion can be obtained in man and is also 
found to be related to cadence.
Qualitative Gait Analysis
An international nomenclature has been informally evolved to 
describe the common deviations which occur in prosthetic gait. The 
approach is at the practical or clinical level and the prosthetist
must be able to instantly recognise the deviation end determine the 
probable cause so that the corrective measures may be specified and 
carried out. Qualitative gait analysis then comprises of observing 
the amputee from various positions and listening for sounds to 
analyse any appreciable difference from the normal pattern of walking.
Gait Deviations
The major gait deviations are as listed below with a description of 
the deviation. No attempt, however, will be made to analyse the 
cause, or to suggest any corrective measure, because each case must 
be diagnosed in its own right, with a knowledge of the patients 
history and any other pertinent factors*
Abducted Gait
The heel swings through in a line laterally displaced from the 
normal walking line of progression* . This is accompanied by excessive 
lateral displacement of the pelvis*
Lateral Bending of the Trunk
The trunk bends towards the amputated side when the prosthesis is 
in the stance-phase.
Circumduction
The prosthesis follow an outward curved path a3 it swings through* 
Medial Whip
The heel moves medially towards the contralateral leg as the 
prosthesis leaves the ground at toe-off.
Lateral Whip
The heel moves laterally at toe-off.
Rotation of the foot on heel contact
The toe rotates (usually externally) when the heel contacts the ground. 
Lumbar Lordosis
There is excessive lumbar curvature, the pelvis tilts downwards and 
forwards, when the prosthesis is in the stance-phase.
Uneven Step Lengths
The length of step taken with the prosthesis differs from that of 
the contralateral leg.
Uneven Timing
-The time intervals between successive heel contacts is different. 
Uneven Arm Swing
Amount and direction of arm swing on amputated side differs from 
that on the sound side.
Uneven Heel Rise
The prosthetic heel rise differs from that of the sound leg.
Terminal Impact
In the final stage of the swing-phase the prosthetic shin impacts 
against the extension stop.
Vaulting
Excessive vertical displacement of the entire body by plantar flexion 
of the sound foot.-
- 91 -
As weight is transferred to the prosthesis after heel contact, the 
forefoot suddenly strikes the floor©
Knee Shoot
The knee flexes when load is applied to the prosthesis.
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DISCUSSION OF GRAPHS
The major events occurring in the walking cycle and 
the function during the different phases are discussed. 
The angular displacements of the leg segments and the 
translations of the joints are discussed and the effects 
these have during the walking cycle. Finally, the floor 
reactions are considered in the stance-phase as 
non-dimensionalised fractions of body weight.
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DISCUSSION CF GRAPHS 
Events in the Walking Cycle
Figure 7 on Page 188 shows the events which successively occur 
during the miking cycle. The exact position along the percentage 
axis varies with cadence and with the individual, 'but.the graph shows 
typical values for a normal subject walking at a cadence of about 
90 steps per minute.
The walking cycle is basically divided into two phases, the 
’stanee-phase* and the ’swing-phase1.
’Heel-contact* is usually taken as the commencement of the cycle and 
is thus positioned at 0$. ’Heel-pivot’ occurs during the first 1G$ 
of the cycle, followed by the ’roll-over1 period from 1C$ to L?S* 
’Foot-flat’ occurs about 2G% followed by ’Maximum pelvic lift’ 
at 30$. The ’push-off’ period starts about 28$ and finishes at 66$, 
this is also the ’toe-off’ position. ’Heel-off’ occurs a little 
before ’mid push-off* at about 42$. The ’double-support’ phase 
begins at about 36% and ends with ’toe-off1 at 66$.
The ’swing-phase’ starts with *toe-off’ at 66% and continues to 
’heel-contact* at 1GC$, ’Maximum heel-rise’ occurs at about 72$ 
followed by ’mid swing-tlrrough ’ at about 84$. ’Maximum knee-rise* 
occurs about 88$ followed by ’heel-contact’ at 100$ which initiates 
the ’stance-phase* of the next walking cycle.
Angular Displacements of the Leg Segments
Figure 13 on Page 194 shows the angular displacements of the thigh 
shank and foot plotted against percentage of walking cycle. The
reference angles are shown'in Figure 8 on Page 189 and are taken-with 
respect to the vertical. As pelvic tilt is very small is also a 
measure of hip flexion, also as the graph is for level walking on a 
horizontal plane Mod (©£ - 90°) is the planta-dorsi flexion angle of 
the foot. The continuous line is the graph of ©p o f the thigh angle, 
the small dotted line; the graph of Gg the shin angle and the large 
chain dotted linej the graph of ©p the foot angle.
At ’heel-contact* the foot is dorsi-flexed some 30°, the knee is 
virtually fully extended and the hip flexed to about 26°. As 
’heel-pivot1 occurs the foot planta-flexes and becomes flat on the 
floor at about 20/C and stays approximately so to about 42$* Dulling 
this period the thigh uniformly extends through 0° at about 34$ and 
hyper-extends to a maximum of -10° at about 50$. After this the thigh 
flexes through 0° at 62$ to a maximum of about 26° at 80$ and stays 
reasonably constant until *heel-contact’ at 100$. The knee is 
virtually fully-flexed at ’heel-contact* and thus the shin has an angle 
of about 26°, as the thigh extends the knee slightly flexes such that 
at about 15$ the knee is flexed some 18°. At about 38$ the knee is 
again virtually straight and again uniformly flexes to a maximum of 
about 59° at 76$. During the whole' of this period the orientation of 
the shin has been fairly uniformly decreasing. At 70$ ©3 begins to 
increase linearly through 0° at 90$ to a maximum of 26° at ’heel-contact 
at 100$.
Vertical Translations of the Joints
Figure 14 on Page 195 shows the vertical displacement of the greater 
trochanter of the femur taken to represent the hip (the continuous line)
The lateral femural epicondyle to represent the knee (the small dotted 
line) and the lateral maleolus to represent the ankle (the large chain 
dotted line). It can be seen that the hip locus approximates to a 
sine wave of amplitude in the region of two inches and of period 5C% 
of the walking cycle with a third harmonic super posed. If the leg 
is assumed to be a non-extensible strut pivoting about the ankle joint 
the locus of the hip joint would be a series of circular arcs, with the 
lowest turning points at the extremes of hip flexion-extension, and the 
highest turning point at top-dead-centre in mid-stance. Taking the leg 
to be thirty-eight inches long and moving through a circular arc of 58° 
would give a pelvic displacement amplitude of four inches. To avoid 
pelvic drop, however, the knee is fully extended and the ankle is 
plants, flexed at the two extreme turning points, thus effectively 
highering them. At mid-stance-phase the knee is slightly flexed and 
the ankle at minimum level thus effectively lowering the pelvis and 
reducing the vertical amplitude by half to two inches.
The vertical movements of the knee have a maximum amplitude of about 
three inches, the largest rise occurring in the swing-phase at about 
88$, while that of the ankle has a maximum amplitude of about 6.5
inches and this occurs at 70$.
Horizontal Translations of Joints
Figure 15 on Page 196 shows the horizontal displacements of the lower
limb joints. The full line shows the graph of the hip joint, the small
dotted line that of the knee joint and the large chain dotted line the 
graph of the ankle joint. Since the purpose of walking is a forward 
translation of the body, all the graphs show a forward slope along the
% cycle axis. The reference axis was taken at the point of heel contact 
of the foot and hence at X $ the ankle, the knee and the hip start with 
minus dimensions. The most linear graph is that of the hip, 
the oscillating forwards and backwards of the knee and ankle result in 
a smooth uniform translation of the body, this small ripple being due 
to displacement of the centre of gravity of the body from the hip joint 
centre. It can also be noticed that at no time are the three centres 
on the same vertical straight line, again emphasising that even at 
mid-stance the knee is slightly flexed.
Angular Velocities of the Thigh and Shank .
..The graphs of the angular velocities (Figure 16 Page 197 ) are 
calculated by numerical differentiation of the angular displacements.
The full line shows the graph of the thigh axid the dotted line that 
of the shank, using only the first differences (see table 2 
on page 256 ). The circled points are the derivatives at half 
interval (see table 8 page 2 62 ) using differences up to and 
including the ninth for the shank. It can be seen that except for 
sudden peaks the error using only the first difference is quite small, 
and in the swing-phase section, which is of the greatest interest for 
the dynamics of leg, the curves are virtually coincident. Thus all 
numerical differentiation has been approximated to the first or second 
differences.
At heel contact the thigh is virtually at rest5 it then progressively 
revolves backwards about the hip joint and the angular velocity 
uniformly increases in the negative sense up to about mid-stance. At 
this point it reverses and fairly uniformly increases in the positive
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sense, to push-off where it again reverses and revolves forward and 
slows down for heel-contact.
At heel contact the angular velocity of the shank like that of the 
thigh is approximately zero, but this is in the process of revolving 
in the forward sense and immediately after heel contact in the heel 
pivot period it speeds up through the roll over phase and then drops 
when the knee flexes in mid-stance. It then slightly recovers and 
increases in the negative sense to push-off. At push-off the shank • 
rapidly revolves in the positive direction to mid-swing through and 
then quickly slows up to position the foot for heel contact.
Angular Accelerations of the Limb Segments
The angular accelerations of the thigh and shank were calculated 
numerically by the second derivative of the angular displacement 
curves. The full line represents the accelerations of the thigh and 
the dotted line those of the shank calculated only from the second 
differences. (See table 3 on page 2 57 ). The circled points are 
the derivatives at tabular points for the shank using differences up 
to and including the tenth.- ' The difference table is shown on page 264- 
and the central difference polynomial is given at the bottom of the 
table. The decimal co-efficients were taken from ’’Interpolation 
and Applied Tables” published by H.M.S.O.
At heel contact the shank decelerates rapidly to position the foot 
and then accelerates quickly into heel-pivot and roll-over. During 
roll-over the shank decelerates and then recovers about mid-stance to 
initiate knee flexion and then again reverses to straighten knee and 
accelerates up to the initiation of push-off, here the acceleration
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dips.to-allow the foot and ankle to store energy for push-off and 
continues accelerating up to the end of push-off to initiate the 
swing-phase. The acceleration is, of course, maximum when the 
velocity is zero and drops off to zero when the velocity is maximum
about mid-swing-through. After this the angular acceleration
£
rapidly increases in the negative sense to stop the shank and 
position the foot for heel contact at 100$.
Vertical Floor Reaction
Figure 2 2 Page 203 shows the graph of the vertical floor reaction 
as a percentage of gross body weight plotted against percentage 
walking cycle. The full line shows the arc of the left leg and the 
chain dotted line that of the right leg. The overlap period 
about 50 ~ 6C$ is the double-support phase. Both curves exhibit the 
characteristic double-peak, but they are non-identical and clearly 
show the right side is dominant. It should be noticed, however, that 
the time taken for a complete cycle for each leg is the same.
At heel-contact weight is smoothly transferred onto the leg, and due 
to the inertia of the falling body reaches up to about a maximum of 
lAG#-of body weight. Push-off occurs at the contra-lateral leg which 
thrusts the body forwards and upwards and relieves the supporting 
leg of some of the load. While the knee flexes at about mid-stance 
the load decreases to about 55 ~ 6C% of body weight. As the contra­
lateral leg decelerates for heel contact, the load smoothly 
increases to about full body and then rapidly decreases to push-off 
at about 66%, '
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Horizontal Floor Reaction
Figure 23 Page 204 shows the graphs of the fore and aft shear force 
components of the floor reaction. Again the full line represents the 
left leg and the dotted line the right leg, and both curves show the 
characteristic negative-positive peaks. The right leg shows the 
greatest positive peak and indicates it is more dominant in forward 
thrust of the body. The overlap represents the double-support 
period and again time wise the cycles are the same.
At heel contact the foot is well ahead of the'body and the resultant 
force is directed downwards and forwards, this is reacted at the heel 
by a negative shear force preventing the foot slipping forward. This 
reaches a maximum of about 25? body weight at the end of heel-pivot 
at 10? cycle. The negative shear force then smoothly decreases until 
the resultant force is directly above the foot support point at 
about 36? where it is zero. As the body becomes ahead of the foot 
the shear force increases positively to prevent slipping backwards 
to a maximum of about 26? body weight, at push-off and then rapidly 
falls to zero.
C H A P T S R  10
ANTHROPOMETRY -
The mechanical constants of the segments of the body 
are listed in terms of the two fundamental parameters - 
the total weight and the functional length of the femur.
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ANTHRQP CMBTRY
Introduction
The measurements of the various segments of the lower extremity are
expressed in terms of two basic parameters, the total undressed weight
of the subject ¥ and the function length of the thigh Lp. The latter is 
the distance between hip centre and the lower articular border of the 
femur*
Data
LENGTH:-
Thigh = Lp in.
Shin = 0*97 Lp in.
CENTRE OF GRAVITY:-
Head, arms, trunk
above the mid hip centre hg = 0.69 L^, in.
Thigh from hip centre hp = 0.44- L^, in.
Shank from the tibial
plateau hg = 0.63 in.
RADIUS OF GYRATION (centre of percussion)
H.A.T. kg .= 0.58 1*2 in. (about the mid-hip centre)
Thigh kp = 0.31 Lp in. (about the hip joint axis)
Shank kg = 0*4-0 Lp in, (about the knee joint axis)
MOMENT OF INERTIA :-
2 2
Thigh Lp = 0.0115 W Lp Ibf. in. (about the hip)
2 2
Shank Ig = 0.0128 W Lp"' lbf. in. (about the knee)
WEIGHT:-
H.A.T. WB =  0.6 w
Complete
Lower Limb = 0.2 W
Thigh WT = 0*12 W
Shank ¥
O
= 0.08 W
C H A P T E R  11
THE DYNAMICS OF THE LOWER EXTREMITY
Classical Rex-rbonian mechanics are used to derive the 
differential equations of motion of the lower 
extremity in terms of leg segment constants and their 
translations in space. The anthropometric and gait 
analysis data is fed into these equations and the ideal 
knee control functions obtained.
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THS DYNAMICS OF THE LCKER EXTREMITY
Introduction
This section deals with the equations of motion of the hip, thigh, knee 
and shank during the swing phase period of walking. To simplify the 
equations without introducing significant errors, the foot, ankle and 
shin portion is treated as a rigid body, and collectively called the 
shank. The analysis is' on the lines of classical nevtonian mechanics 
which was thought to be more straight forward than say the vector 
analysis approach. In the stance-phs.se the motions are comparatively 
slow and can thus be analysed statically.
Notation
The notation adopted is related to a right set of orthoginal axes,
X, X and Z, and is as follows:- (referring to figure 8 page 189 ).
F = The horizontal component of resultant force positive in 
the positive X direction.
V = The vertical component of resultant force positive in the 
positive X direction.
¥ = The weight of the body positive in the negative X direction.
M = The moment about joint centre.
I = Moment of inertia of the body about the centre of Gravity, 
m = The mass of the body.
x = Linear displacement positive in the positive X direction,
y = Linear displacement positive in the positive X direction,
Q = Angular displacement with respect to the X co-ordinate.
i it
x x = The corresponding linear velocity and acceleration positive 
in the positive X direction. (The first and second time 
derivatives).
-in/ -
T !t
y y '= The corresponding linear velocity and acceleration
positive in the positive Y direction. (The first and 
second time derivatives).
t ti
0 Q = The corresponding angular velocity and acceleration.
(The first and second time derivatives).
L = Length along the mechanical or polar axis, 
h = Distance of the centre of gravity * Gf of body from 
joint centre.
k = Radius of gyration of body from joint centre.
B .= Subscript refers to hip joint.
K " Subscript refers to laiee joint.
T = Subscript refers to thigh.
S = Subscript refers to shank.
A = Subscript refers to Ankle.
The Knee
With reference to figure 9 page 190 
‘Take moments about the centre of gravity Gg
~ GS “ Gos %  = IS Gs  .....  (ij
Resolve forces in the Y direction 
W •«
VK - WS = T  7S - .............      Oi)
Resolve forces in the X direction.:- 
WS “ '
f k = “g xs . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
From equation (ii) we have:- 
%  it
VK = T  7S        (l2d
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Substituting (iii) and (iv) in equation (i) we haves-
i'L = I_ © + —  y h Sin G + ¥ h Sin © + h0 Cos G
K S S g S S b S o  S g o b b
Now referring to figure 9 page 190
and
y = y _ e? h Cos e„ - <L h„ Sin e,
‘K S S S S S tl S
*K = *s + hs Sin cs - h  hs Cos es
so that
I U
and
y  =  y  .+ Q% h Cos Q + © h Sin G 
K S S S S S S
x  = x  - ©^ h Sin Q ■ + Q h Cos ©
S K S 8 S S S 
Therefore:<
MTr = I Qn + W_ h Sin 0 + ^  h Sin © ( y _ + h Cos G„ + Q_- .H_ Sin ©_, )
K S S S S S g S S K S S S S S S
+ h Cos G ( x - G2 h Sin © '+ © h Cos © )
g S S K S S S S S S
Wq . p 2 \ Wq . u N Wq , »
M = ( IT + k ) © + *-£ h ( g + y ) Sin © + h x Cos © ...... (v)
K g S S S g S K S g 3 K S —
The Hin
From figure 9 pagel90 it can be seen that?- 
11 n to »
y = y + © L Cos © ■ +■ © L Sin ©.......................... . (vi)
K H T T T T T T --
and
11 11 to 11 ■
x rr = xTT - ©~ L Sin G + © L Cos G ............................ (vii)
K H T T T T T T  1
or
In the above knee prosthesis the inertia of the thigh and the moment about 
the hip may be neglected, as this is under the voluntary control of the 
patient, and is the input signal to the system.
Substituting equations (vi) and (vii) in (v) we have:-
MK = F  ( hS + kS + F  V( g * + LT C0S eT + h  V  S in  ®T } Sin ®S
+ ~  hg ( xh “ ^  ^  Sin QT + °T %  Gos GT ) Gos GS
or
Wo , » »o ”
"g S ^ XH %
Wo , O O . » Wo ' M . »
M = ) © + -§'h ■ ■ ( g + y ) Sin © + x Cos Q
K g S S S g S II S E S
+ ~  h L ©^ Sin ( © - © ) + © Cos ( © - © ) (viii)
3 T T S T T S T — —
This is the equation of the knee moment, in terms of the motions of the shin 
and thigh segments.
The first term is a function of the motion of the shin, and can be ‘tuned1
(to some extent) by altering the hg and kg terms, that is, by adjusting the
centre of gravity and radius of gyration - the mass distribution. It is usual, 
however, to try and approach the mass distribution of the natural mechanism,
although of course the total weight of the prosthesis is only about 20% that
of the natural leg. This term is a linear function of the angular 
acceleration of the shank, and is independent of its position in space.
The second term describes the linear motions of the hip joint (that is the 
pelvis), and for good dynamic cosmesis these accelerations should be very 
very small. Thus the second term can be neglected. Exceptions being the 
first and last step in any sequence and any sudden changes in cadence.
The lastterm describes the cross-coiipling effect of the thigh and shin on 
the system, and gives the differential equation of the control of the knee 
mechanism in the sving-phase of the walking cycle.
It shows that the knee moment is dependent on the angular acceleration, and 
the square of the angular velocity of the thigh, and is a function of the 
orientation of the shank with respect to the thigh. This means that the
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pattern of the moment - orientation relationship of the knee control can be 
preset1 in the design of the mechanism. Furthermore the moment developed 
at the Imee must vary as the square of the speed of walking. This in fact
agrees with the general periodic motion of a pendulating system.
Consider a partical moving arbitrarily, but periodically in a co-ordinate 
system, and let z denote the instantaneous position of the partical.
This motion can be expressed by a Fourier series of the form:-
r: Co
z = c0 * 21 Gn Cos (nvrt +      (a)
n = 1 ,
n
z = - nwC Sin (nwt +. $ ) ..... ...  (b)
n = 1 ■ -
. n = 00
z = - 2  (nw)2 C Cos (nwt . + ' $ )...................    (c)
n = 1 n
u
Now z represents the acceleration of the partical and if the mass of- the 
partical is unity, the equation (c) is also the measure of the forces 
required to constrain the partical to move as it does.
If the partical be a complex shank-body, the forces required to move it,
' p
i.e. the torque about the knee joint must be proportional to this (nw) ~
term, which is related to the square of the cadence.
Now from the anthropometric data W = 0.080 W, h = 0.630 L and k = 0.4-00 L
b S T 3 T
also as seen in figure 8 page 189, d = - (©5 - Op) and the weight of the
prosthesis can be taken as 0.20 that of the natural limb.
Substituting these values into equation (viii) we have;-
= 3.150 x 10“A K (32.2 + yH ) Sin 0g + Cos +
+ 1^, (0.883 e3 + 6,^ Cos d - Sin d ) ....... (ix)
-  IDA _
Nov putting W = 140 lbf and = 16 inches, we have:-
M = 0.706 (32.2 + j  ) Sin Q ' + x Cos Q + 14.13 0 +16 (0 Cos d - Q2
K H S H S S T T
Finally substituting the gait analysis data into equation (x) see tables 7- 1 0  
inclusive on pages 261 - 264 3 the ideal knee moment - orientation - cadence 
plots are obtained as shown in figure 10 page 191.
Sin d,
] 0Q -
G H A P T E R 12
KNEE CONTROL MECHANISMS
The function and modes of control of the knee mechanism 
is described and related to the conventional designs 
in the field. The knee stability equation is derived 
in terms of the alignment of the leg segments and 
discussed in relation to the knee mechanism. The ideal 
control is detailed in conjunction with the data of the 
previous chapter, and how the mechanisms developed 
approach the ideal. Finally, knee locks are considered.
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knee control mcmmsm .
Introduction
The control mechanism in an artificial knee joint is required to function 
in several completely different modes. Firstly,, it must prevent the 
leg from buckling or collapsing when the full weight of the amputee is 
applied to it. This mode of operation is referred to as ‘Knee 
Stabilization*. Secondly, the mechanism must provide some degree of 
control in the free swinging phase when the weight of the amputee is 
fully on the contralateral leg. This function is termed swing-phase 
control or cadence control. Thirdly, the knee mechanism must provide 
an extension stop to cushion terminal impact and to prevent the leg 
from hyper-extending; this is usually termed the back-stop. The most 
important factor, however, for the mechanism, is to provide smooth 
transition from one phase to the other at the critical period of toe-off 
in the walking cycle. If this is not accomplished, an unnatural gait 
will inevitably occur. Any sudden changes in velocity, acceleration 
or displacement, either linear or angular, produce ‘limp*.
Knee Stability
The knee joint must be capable of transmitting the total body weight 
of the amputee. This applies in the stance phase of walking or in any 
* spasm’ or emergency such as a ‘trip*, when the amputee is momentarily 
off balance. The mechanism is termed a ’Stabilized Knee Control* or 
'Stabilizing Knee*. In conventional above knee prostheses, stability 
in the stance phase is accomplished simply by alignment of the leg 
segments, usually referred to as ‘forward set1. The knee includes 
the back stop to prevent the leg hyper-extending. The alignment of the
- in «.
prosthesis is then so arranged that the axis of articulation of the knee 
is placed behind the load line, through the centre of gravity, usually 
the ischial seat, and the axis of the ankle joint. This toggle action 
prevents the Imee flexing in the stance phase and obviously, the 
greater the backward displacement of the knee joint (i.e. forward set of 
the socket) the greater is the stability. This however, is only . 
achieved at some cost, because the knee must be flexed after the stance 
phase during the very important transition period at toe-off, and so 
too much alignment stability results in a sluggish and laborious gait. 
Furthermore, the amputee must exert a large backward moment with his 
stump to ensure the leg is completely extended and then ride over the 
straight leg pivotting in a circular arc about the ankle axis causing 
the pelvis to be lifted and thus expending more energy than necessary. 
Another big disadvantage in this system is that there is no provision 
for 'spasm* stability,, or for variations of the terrain.
The Knee Stability Equation
In the stance phase the tentative motions of the leg segments are small 
and slow compared with those of the swing phase. It is, therefore, 
more convenient to analyse statically rather than dynamically.
Notation
With reference to Figure 11 Page 192
Let Mg and Mg be the moments about the hip and knee respectively.
Let W be the total body weight acting on the prosthesis.
And let the floor reactions %  and Hp be respectively normal and parallel 
to the floor.
The Hip
The total force R acting on the heel is assumed to pass behind the knee, 
which would tend to cause the knee joint to buckle. In the absence of 
a stabilising (or locking) device at the knee the hip musculature must 
apply a moment 1% as shown. As this moment increases the reaction 
line tilts fonward and must be made to pass in front of the knee axis. 
This means that the component Rp the shear force along the floor must .
increase. This is limited by the friction between the floor surface and
the shoe material such that: -
Rp ^ p. Rn where u is the coefficient of friction ..... (i) 
Taking moments about the hip joint E we have RpD = Kg ...(ii)
The Knee
How considering the shank and referring to Figure 11 Page 192 
The total load on the knee joint is again VI, but since its
point of application has changed, a moment is required for
equilibrium.
Taking moments about the knee joint K we have sa­
llow for a uniaxial Imee joint. The length ’D1 and knee height ’d* are 
fixed by the amputee. The prosthetist can adjust only the distance ’a1. 
He can do this by adjusting the ’forward set* of the socket. If the 
knee joint is free (i.e. no mechanism for stabilizing) the hip moment 
required is:-
= V - V = Wa - % D
or Mjj = ^ (Via - Mj,) (iii)
M
H
VlaD
(iv)
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To minimise the hip moment ’a’ must be small. If is required to be 
zero (i.e. for feeble geriatric patients to minimise energy expenditure) 
’a1 must be zero or negative (i.e. the knee is locked onto the back 
stop). The disadvantages of reducing ’a’ (i.e. increasing forward set) 
have already been discussed. If a stabilizer is fitted, the maximum 
moment developed must be:-
Mg = ¥a  .... ............ (v)
This occurs when the hip moment is zero. In practice it is usually 
smaller than this, as most patients will apply some moment about the 
hip.
Polvcentric ltn.ee s
Various knees, have been developed, particularly in North America, in 
which the centre of rotation of the knee is not a fixed axis. The 
mechanism is usually a four bar Kinematic chain, with the locus of the 
instantaneous centre of rotation aping that of the natural Imee joint.
It is clear, however, that an infinite variation in functional 
characteristics is possible in a ’four-bar link1 depending on the length 
and orientations of the links. Referring to equation (iv) the hip 
moment can be decreased by increasing the distance *d’ and this is 
attractive. The vrriter is developing a four-bar linkage knee for 
prescription to knee disarticulation limbs; figure 31 page 212 shows 
the geometry and proto-type layout. This device, however, is not 
discussed further as it is outside the scope of this report.
Brake Devices for Knee Stability
Many different types of knee have been designed which are capable of
developing a moment about the axis of a uniaxial knee joint. These 
include contact between friction surfaces on the bottom of the knee and 
the top of the shank, as in the Otto-Bock knee (Germany). Tightening 
a multiple disc-brake with a cam as in the experimental Catranis Knee 
(U.S.A.), or closing a by-pass valve in a hydraulic system, as in the 
Regnell Knee (Sweden) and the Lewer Allen Leg (South Africa). These 
devices are usually operated by an elastic member sensitive to total 
axial load or by a mechanism activated by heel contact compression or 
plantar flexion of the ankle.
The -Hanger Stabilizing Unit
The need for a simple, inexpensive, reliable and lightweight device to 
give some degree of stability to the knee, has been apparent for many 
years. Most of the devices currently available are complicated, expensive 
and heavy and after a comparatively short period of wear become noisy 
and much less effective. The Hanger stabilizing knee unit was designed 
in 1967, at which time the Company sought full patent coverage in the 
writer * s name. It has undergone development and exhaustive testing over 
the last three years in co-operation with the Bioraechanical Research 
and Development Unit of the Department of Health. The Unit is now 
fully patented, (British Patent No. 1169464-) completely cleared for 
general issue by the Department of Health and is tooled up for quantity 
production. Figure 32 page 213 shows the unit.
The unit has a slight compliance at the knee, between the thigh and shin 
portions; this allows load to be transferred via a lever to tension a 
brake band and grip a drum keyed to the knee bolt. The drum is 
unidirectional such that, when load is applied, stabilization occurs
against flexion only ~ the knee always being free to extend. (The word 
’free1 here means free from the stabiliser). Hhen any movement of the 
Imee takes place, it becomes under the influence of the cadence 
control. It is for this reason I propose the terms ’Kinetic Control’ 
and ’Kinematic Control’ for stabilized and swing phase or Cadence 
Control, as the cadence control does not only function in the swing 
phase of walking, but at all. times when there is relative motion 
between thigh and shank. The design of this unit will be discussed 
more fully in section on Hardware, page 170
Siting Phase Control
If the knee is completely free in the swing phase of the walking cycle, 
the limb acts like a compound pendulum and will thus have a natural 
frequency of oscillation which depends purely on the length end mass 
distribution. There will thus be only one cadence at which the amputee 
can walk if the forcing function transmitted from the stump lever is 
to be minimal. The amputee, however, usually wishes to walk faster, 
this results in excessive knee flexion followed by impact against the 
extension stop. There are many passive devices currently available 
to give some degree of swing control. These can be divided into three 
basic types: constant friction devices; hydraulic devices and
pneumatic devices.
Constant Friction Devices
The simplest form of swing control is obtained by coulomb damping, 
which is easily achieved by a brake band embracing a drum. The brake 
band is attached to the thigh segment and the drum is fixed to the 
shank. The degree of friction is adjusted by a thumb-wheel which can
n  A
be manipulated through trousers or a skirt* This device is generally 
called a wheel type knee control (figure 33 page 214- shows a typical 
device) and produces a frictional force which is constant with Imee 
orientation and velocity* Since the device gives a constant 
restraining moment, the tendency is for the leg to hesitate at full 
flexion. There are thus several further, standard devices which are 
often prescribed.
The free wheel type knee control differs from the device described 
above in that the drum is a ’one-way’ clutch. The friction brake is 
thus effective over the flexion period; the shank then extends on the 
’slip-side* of the clutch. This device obviates hesitation at full 
flexion, but there is a tendency for terminal impact.
A second device is termed an ’internal coil spring’ and incorporates 
a knee lever and roller arm. The lever is pivoted to the knee and a 
spring is loaded against it. An offset roller is attached to the knee 
bolt in an angular position, such that ’no-load’ is at or near full 
extension. At any other angular position up to about 95° - 100° the 
spring will bias the leg back to the neutral position. Above this 
angle, however, the roller goes over ’top-dead-centre’ and the spring 
mil bias the leg into the fully flexed position, so that the patient 
may sit comfortably with the leg flexed normally. These simple 
devices have rendered the amputee great service over many years and, in 
combination, can be adjusted to get very close to the ideal moment-angle 
relationship for one speed of walking. The basic fault in their function 
is that they are not velocity dependent.
A third device, called a ’pick-up* will be discussed later. (Page 126 ).
Hydraulic Devices
.A typical hydraulic swing-control consists of a piston which forces 
hydraulic fluid from one side of the cylinder to the other; a non­
linear resistance pattern can be achieved by a variable opening for 
the flow of the fluid* This is often achieved by a series of small 
holes in the cylinder mils which connect the top and bottom 
compartments* An adjustable valve in the fluid by-pass line permits 
the overall setting of the.resistance, and this is usually separately 
adjustable in the flexion and extension modes* Many such devices are 
available, particularly in the U.S.A., but they tend to be rather 
heavy and oil leaking, which soils the patient’s clothes, being a big 
disadvantage.
Pneumatic Devices
Pneumatic devices, although similar in outward appearance to hydraulic 
controls, function in a completely different mode. A typical pneumatic 
unit consists of a piston working in a cylinder which forces air from 
one compartment to*the other. The non-linear variation in resistance 
is caused by two separate mechanisms: the increase in pressure as a
specific mass of gas is compressed, and the transfer of air by the 
by-pass valve. These devices often ape the ideal Imee function if the 
mechanical design and thermodynamics are considered. In service, 
however, with the two available designs at Roehampton they have been 
most unreliable with design snags, such as fragmented rubber from the 
piston seal and back-stop buffer blocking the by-pass valve and thus 
causing erratic malfunction*
The Hanger Swing Phase Control
The Hanger swing phase control, British Patent No* 1091015, was designed 
and lias been developed as a simple inexpensive and reliable device to 
give optimum control to the knee during the swing phise of the walking 
cycle. The unit has undergone exhaustive clinical exposure and 
mechanical testing over the last three years in conjunction with the 
Biomechanical Research and Development Unit at Roehampton and, like the 
Hanger stabilized knee, is now completely cleared for general issue 
from the Department of Health and Social Security. The device is shown 
in figure 34- page 215 and consists of pairs of vanes cascaded together 
on a spindle. A pair of vanes is made up of one fixed vane and one 
movable disc. The fixed vane is attached to the knee, and the movable 
disc can rotate through a given angle between rubber buffers. Between 
the vanes' viscous-friction damping is achieved by polyfcetraflucroethylene 
impregnated woven glass cloth. The rubber buffers are angularly 
adjustable and the pressure "between the discs is achieved by a star wheel. 
The velocity dependence is obtained by the rheology or cold flow 
characteristics of the P.T.F.S. The design of the unit will be discussed 
in detail in the chapter on Hardware Developed.
The ideal function of the Imee in the swing phase has been derived in 
the previous chapter under the ’dynamics of the lower extremity’ and 
can be interpreted physically as follows with reference to figure 10 page 
191. Immediately after toe push-off when the knee is fully or very 
nearly fully extended, the moment resisting flexion is required to be 
minimal such that the knee can easily flex and thus allow the toe to 
clear the ground without the amputee having to lift the pelvis 
excessively, or to circumduct his prosthesis. As the angle of flexion
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increases, the resisting moment must smoothly and progressively increase 
to retardate the shank and prevent excessive ’heel-rise’. After full 
flexion the shin must not hesitate or impart to the amputee the 
sensation that the leg is fixed in the fully flexed position; hence 
the restraining moment must again be minimal such that the shank is 
free to begin extending. In fact, a small amount of positive work 
is desirable here. As the shank extends, the moment must again 
progressively increase to obviate terminal impact at full extension.
This basic pattern of moment orientation function of the knee control 
can be pre-set into the design of the unit if the adjustments are 
sufficient to allow the device to operate over a carpet or family of 
curves of overall peak moment and angle of operation. In this way, 
a single unit can cater for the majority of above-knee amputees.
The device must also be velocity dependent such that the patient can 
walk at different cadences without having to adjust the controls.
Caution is necessary here - the velocity dependence should be limited 
to act over a cadence range of only, say 85 to 105 steps per minute, 
an Increase of about 20%, This means that moment ratios for the 
fastest and slowest cadences should be in the ratio of about 1.4- to 1.
It is as bad to have a device which is over sensitive to velocity as to 
have a device which is not velocity dependent at all# A very vigorous 
walker, who really snaps the leg into full extension, can get the 
impression that the leg is locking up; this was observed-with a 
pneumatic device. On the other hand, with hydraulic devices, very slow 
movement gives infinitely small resistance and thus it is possible, 
particularly with bi-lateral amputees, to-slowly topple over backwards - 
especially if the alignment is slightly ’lively’ and there are no
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external supports at hand.
The graphs of the ideal moment-knee orientation curves (figure 10 
page 191 ) can be interpreted from an energy viewpoint by considering 
the areas under the various parts of the curve. An energy loss results 
whenever the moment opposes motion (dissipative) and energy is gained 
by the shank when the moment and motion are in the same sense. 
Travelling the closed loop in the clock-wise direction, it can be seen 
that the major part of the cycle is dissipative (that is, passive 
devices) except for the small area after full flexion, A small amount 
of work, about 0.3 ft. Ibf, is required to initiate shank extension. 
Calculating the areas, it is found that the ratios are (-8) ; (+1) : 
(-24). This means that the greatest energy of the cycle must be 
dissipated in retarding the extending shank and cushioning terminal 
impact.
Clinically evaluating these new devices on patients introduced several 
anomalies. The field trials showed that patients could be broadly 
categorised, as far as gait is concerned, into tvro basic groups: 
"active*1 walkers and "disabled’* walkers; "active" walkers being those 
patients who had long, healthy stumps with good hip musculature and 
control and no pathological or other contra-indications to complete 
rehabilitation; "disabled” walkers being patients with very short 
stumps with little or no power or hip control, and often with flexion 
or abduction deformities. Included in these would be some geriatric 
patients.
In the case of "disabled" \-/alkers, quite significant improvements in 
gait were shown to have occurred. This proved that the units could 
be adjusted to the individual needs of patients, such that cadence was
symmetrical (that is the timings and sounds of sequential footfalls 
were regular), that the heel-rise and swing-through of the normal and 
prosthetic leg were controlled to be similar, and that the patient 
could walk at different rates without re-adjustment of the controls.
In the case of the "active" i-Tslkers, this was also evidenced in the 
fitting rooms. While this class of patients were-under-observation' 
in the clinic the gait was certainly improved, but as soon as the 
patient was outside and away from conscious observation the walking 
pattern often reverted back to the characteristic circumducted, 
non-articulated type gait.
Further research is required, into this phenomenon, but the following 
discussion may suggest some guide-lines for the future.
The above-knee limb can be considered to be in the swing-phase a 
two-degree-of-freedom vibrating system - a compound pendulum - and, 
as such, will have two basic modes of vibration: the fundamental mode
oscillating as a simple pendulum about the hip joint with no movement 
of the knee joint; the second mode when articulation occurs both at 
the hip and knee, and the angular displacements of the knee are out of 
phase with those of the hip by about 180°. This second mode would be 
considered the more cosmetic mode of vibration and is the mode which 
present knee control units are designed to modulate. Other modes of 
vibration are not practically considered, ie no hip movement, and 
ankle and/or toe movements in the non-load bearing phase.
The lower energy requirements of the two above systems, however, is 
the fundamental mode.
Analysis of the active hip moments of prosthetic locomotion in the 
stance-phase (hip muscle E.M.G, studies) has shown that the amputee
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exerts approximately twice the moment theoretically required for the 
second or higher energy system, and particularly at heel-contact and 
push-off - the two extremes of the swing-phase. If more energy is 
expounded in active hip moment at the beginning and end of the 
swing-phase, it is reasonable to suggest that this is so throughout 
the whole of the swing-phase period (there is some evidence of this 
from energy cost studies and the rate at which some patients destroy 
the extension stop). Thus, while under observation, the patient is 
over-compensating to achieve a good cosmetic gait, but as soon as he 
is free and walking without thinking he automatically reverts back 
to minimum energy, and -this means the fundamental mode of the 
prosthetic leg.
Theoretically, the energy requirements of the prosthesis can be 
minimised by altering the masses of the leg segments, and adjusting 
the ratio of the moments of inertia of the thigh and shank that is 
’tuning1 the leg. In a real prosthesis, however, this is not possible, 
as the lengths of the thigh and shank are set by the patient. The ”1” 
of the thigh is governed by the stump and stump length, and the nIn 
of the shank is pre-set by the prosthetic foot and shoe. Furthermore, 
the gross weight of the structure is constrained by its strength 
requirements (even with carbon fibres and magnesium-zireonium alloys) 
to be in excess of about 5 - 6 Ibf., and it is unfair to subject the 
amputee to a higher weight penalty.
A solution would seem to lie in introducing more hip control. In the 
natural leg, there is complete co-ordination and feed-back between 
the hip and knee joints (and between the knee, ankle and foot joints), 
particularly by the ’ sartorious ’. The situation is definitely improved
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by fitting a pick-up (see page 126 ), but a ,comprehensive system, 
cross-coupling the hip and knee seems to be required. This could be 
achieved by elastic elements, such that hip flexion-extension is 
transferred to knee flexion-extension with energy storage; this will 
be discussed further in the appendix when the mobility of the 
conventional pelvic band is considered.
The Extension Stop
The extension stop of the knee mechanism has two basic functions to 
fulfil. Firstly, it must cushion the impact at the end of the swing- 
phase. It must achieve this silently and without rebound and, in this 
dynamic mode, it Is critically damped. Secondly, it must react the 
knee moment force when substantially it is statically compressed 
during the stance phase. In both these modes any noise vibration or 
squeak must be quickly attenuated and, thus, ideally high hysteresis 
materials should be used.
The Conventional Back-Check
The standard extension stop which has been in service for many years 
is internationally known as a back-check; figure 35 page 216 shows a 
typical device fixed to the knee* It is made by winding 130 turns of 
linen thread around fixed bobbins a given distance apart* Each end 
is then whipped and spliced and completely enclosed in a leather case. 
The failing load of a single strand is 15 lbf and, since the total 
force is not evenly distributed over the whole number of turns, the 
failure mode of this device is virtually linear. 1 Failure of each strand 
occurs with an audible ’click* and the back-check then stretches without 
increase of load (analogous to plastic deformation). There is thus an
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’early warning system1 prior to failure.
The impact characteristics of the back-check are adjusted by adding 
rubber rings around the waist of the device; from one to four such 
rings are routinely fitted and these have the effect of increasing 
the area under the load-deflection curve'; that is, increasing the 
amount of energy dissipated and decreasing the coefficient of 
restitution.
The conventional back-check, being manufactured from biological 
materials, is very sensitive to ambient conditions, and tends to 
shrink and stretch from day to day. This tends to slightly flex and 
hyper-extend the knee joint, which is the major disadvantage.
Another criticism of the device is its long term creep where the 
back-check progressively grows in length. To obviate this, eccentric 
bushes are incorporated in the fixations to the leg.
The back-check is veiy severely deformed into a tight ’S’ when the leg 
is completely flexed for sitting and kneeling and when the leg is 
extended there is a tendency for ’back-check slap’. This is the 
undesirable noise of the waist of the back-check hitting against the 
back of the knee.
The Hanger Positive Extension Stop
The positive back-stop was developed to overcome the problems associated 
with the device described above and to ’spread over’ the impulsive 
forces which inevitably occur at terminal impact. The device is shown 
in figure 36 page 217 and is a shaped rubber buffer bonded to a cadmium 
passivated steel backing plate. Two bosses protrude at the rear of the 
plate and serve as the locating dovells and the fixing threads. The
unit has been fully tested and is now cleared by the Department of 
Health for general issue. The detailed testing, design and development 
of this device will be discussed later.
The Pick-Up
The pick-up is an elastic strap fixed between the top of the shank at 
one end, and the pelvic band or waist belt at the other. It is 
adjustable for length by a folded webbing and a lever buckle. The 
pick-up has several important functions. Firstly, it is used to 
initiate knee extension during the small period of positive work 
discussed earlier. Its most important function, however, is not 
immediately apparent; it is a direct proprioceptive link between the 
prosthetic shank and the pelvic girdle of the amputee. It relays to 
the patient, through the elastic reaction, the exact position and 
angular velocity of the shin and, hence, the position in space of the 
foot.
The fixing to the shank is bifurcated such that, when sitting, the 
knee can slip through the webbings and thus the reaction line can pass 
distal to the knee and bias the leg into the sitting position.
Figure 37 page 218 shows the pick-up in the two extreme conditions - 
fully extended and in the flexed sitting position.
Manual and Semi-Automatic Knee Locks
Knee locks are prescribed primarily for geriatric patients and amputees 
who, for pathological reasons or lack of confidence, are unable to walk 
with an articulated knee. There are numerous designs of such locks 
available and these can generally be divided into two major types; the 
manual knee lock and the semi-automatic knee lock. Each has a specific
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role to fulfil, but basic design criteria are common to both.
The manual knee lock is locked and unlocked directly by the patient, 
xdiile the 'semi-auto* is released for sitting and automatically re-locks 
when the limb is fully extended prior to walking. Both these devices 
should lock with an audible click to re-assure the patient that the 
knee is securely locked. These devices lock the knee against both 
flexion and extension, and the design should be such that no 'rock1 
occurs when fully loaded (up to 250 lbf.in moment) and cycled in both 
directions5 there should be ample adjustment for wear, and the operating 
load to lock and/or unlock the device should not exceed about 2 Ibf .
The manual lock is often incorporated into the knee of an amputee 
who routinely uses an articulated knee, so that the knee can be 
temporarily locked in such circumstances as walking through long grass 
or deep snow where drag is likely to occur when axial load is not 
applied to the leg and thus any stabilising mechanism is non-effective.
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THE ANKLE JOINT AND FOOT UNIT
The ideal function of the prosthetic terminal device 
is discussed in relation to the conventional designs 
in the field and to the proposed new device. The 
stiffness and movements of the ankle are listed and 
the hardware described.
THE AHKLE JOINT AND.FOOT UNIT
■ \
\
Introduction
The foot and ankle units are common to ell artificial legs for 
.amputations'above the level of the maleoli. The same basic units are 
prescribed for below-knee, through-knee, above-knee and hip amputations 
although the functional characteristics are markedly different for 
the above-knee and below-knee requirements. The foot prescribed is 
one of three basic types; the conventional articulated foot, the 
rubber foot or the S.A.C.H. foot, and it is adjoined to the shin by 
one of several ankle joints including the uniaxial joint, the lateral 
ankle joint and the rigid ankle. Only the design criteria for the 
above-knee prostheses will be discussed here, and the combined foot 
and ankle will collectively be called the terminal device.
The Ideal Function of the Prosthetic Terminal Device 
The terminal device of the above-lmee prosthesis is of extreme 
importance. Its design has been very neglected even up to the present 
day. It is the second interface between the man and the terrain, and 
it is through this device that the total floor reactions are 
transmitted. Ideally the ankle should control the knee. In the state 
of the ’Art1 at present, however, in certain modes the knee can be 
said to completely influence the ankle. The design of the terminal 
device has been neglected, perhaps, because it presents the most 
difficult problems from the engineering sense. It is at the farthest 
point from the knee axis and thus its weight has the greatest 
influence on the inertia of the shank and must, therefore, be kept to 
an absolute minimum.
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At heel contact immediately after the swing phase, controlled plantar 
flexion, inversion or eversion and polar rotation of the ankle is 
required such that the foot accommodates to the terrain, and cushions 
the impact shock. This it must accomplish silently and smoothly 
without transmitting, undue, suddenly applied loads to the amputee. 
After heel contact the joint should lock sufficiently to impart 
stability but not such that dorsiflexion is inhibited, and give a 
progression into the ’roll-over’ phase. This is the phase where the 
whole body of the patient is instantaneously revolving about the 
prosthetic joint and the contralateral leg is swinging through.
During ’roll-over’ controlled dorsiflexion of the ankle is required 
possibly coupled with some knee flexion - extension such that pelvic 
lift is minimised. In the last phase of ‘roll-over’ controlled 
flexion of the metatarso-phalangeal joint (toe joint) should ensue to 
store some energy for the ’push-off’ phase.
Immediately prior to ’push-off1, plantar-flexion of the ankle and 
extension of the knee and toe joints should begin to inhibit pe3.vic 
drop and to give smooth transition to ’push-off*.
At' ’push-off* the energy stored in dorsiflexion of the ankle and 
flexion of the toe joint should be smoothly dissipated to initiate the 
swing phase of the prosthetic side.
Ideally during the swing phase the ankle joint should dorsiflex and 
thus permit the toe to clear the ground at swing through. Finally, 
at the end of the swing phase the foot should be repositioned again 
ready for heel contact.
For a passive device to function in the above described manner the 
stiffnesses of the various movements and the maximum movements and 
torques should be as follows. Table 12 page 266 summarises these.
The foot should be able to plantar-flex through about 15°. The 
stiffness required is of the order of 10 lbf.in. per degree, thus 
achieving a maximum torque of about 150 lbf.in. Ideally the 
dorsiflexion control should be highly non-linear with stiffnesses 
of about 35 lbf.in/degree at 7° rising through 50 lbf.in/degree up to 
a maximum torque output of above 600 lbf,in. in excess of about 12° 
of movement. This high torque output is desirable so that energy 
can be stored for push-off as described earlier. Inversion - eversion 
of the foot is often omitted in ankle designs, but when this is 
incorporated an angular movement of plus and minus 18° is desirable 
again with a stiffness of about 10 lbf .in/degree resulting in a 
torque output of plus and minus 180 lbf.in.
Internal - external rotation (that is polar rotation) again is often 
omitted, or it may be incorporated away from the ankle joint. A 
maximum movement of about plus and minus 7° is usually sufficient with 
a stiffness of approximately 15-20 lbf.in/degree.
The toe joint should accommodate up to about 12° of flexion and again
the stiffness should be non-linear, about 14 lbf.in/degree up to 10°
and then rising to a maximum torque of above 250-300 lbf.in. at about 12°
The data quoted above is for the average European male and thus 
adjustments must be made for small men and ladies at one end, and very 
heavy patients at the other end of the scale. Children present 
particular problems as the strength-weight-volume ratio completely 
prohibits any form of comprehensive control, this applies to both the 
knee and ankle joints, and usually only simple pivots are incorporated.
The Hanger Uniaxial Ankle Joint and Articulated Foot 
The device is shown in figure 7 A page 288 and is a simple passive 
device which approaches well to the ideal function described* The 
ankle joint is controlled by two rubber springs; the heel rubber and 
the instep rubber* These come in various standard stiffnesses.
The heel rubber is cylindrical in shape with each end tapering in the 
form of a truncated cone. This is precompressed into two similarly 
shaped seatings, one in the base of the shin (the ankle base) and the 
other in the top of the foot. The instep rubber is a thick 
semi-circularly shaped buffer and is placed between two flat surfaces 
formed between the ankle base and foot. The top of the foot is 
routed out to accommodate the ankle rubbers and is fitted with a light 
alloy (LM6) castingy the cradle casting, to distribute the load 
transmitted from the ankle. The ’T1 shaped ankle pivot locates in 
this casting.
The conventional foot is made of wood with a single hinge joint at 
the toe. The two portions are joined at the sole .-with a A ply 
rubberised canvas material known as a 'balata1 hinge. The action 
of the toe is controlled by a rubber and these come in a range of 
standard stiffnesses. The base of the heel and the sole are padded 
with thin rubber or felt, the thin wooden edge around the ankle is 
reinforced with raw-hide and the entire foot is covered with leather.
The Rubber Foot
The rubber foot is made of hard vulcanised rubber reinforced with 
fabric and is moulded round a wooden'core, which is routed out to 
accommodate the ankle. This foot is moisture resistant, robust and
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i t  wears w e l l ,  b u t  i t  i s  v e ry  heavy and th e re  i s  a ten d en cy  f o r  th e  to e  
to  assume a perm anent to e -u p  s e t .  T h is  f o o t  i s  m oulded i n  s ta n d a rd  
s iz e s  and i s  n o t  in d iv id u a l l y  shaped to  th e  shoe as i n  th e  
c o n v e n tio n a l f o o t .
The S .A .C .H . F o o t
The Sach foot gets itsname from the principle on which it is based, 
namely, Solid Ankle Gushion Heel. This design of foot is bolted 
directly onto the lower end of the shin, dispensing with any form of 
ankle joint. The foot is fabricated from five basic pieces. The 
heel wedge (see figure 75. page 289 ) is made of compressible but 
resilient polyurethane rubber which provides the shock absorption and the 
equivalent of plantar-flexion at heel contact. These wedges come in 
standard stiffnesses. This wedge is bonded to the wooden core or 
keel. The keel is shaped at the ball of the foot to afford the 
necessary support and to give smooth roll-over during the stance phase. 
Attached to the wooden keel at the metatarso-phalangeal region of the 
foot is a rubberised ’balata1 to give reinforcement to the simulated 
urethane rubber toe-piece. This toe piece extends up the anterior 
aspect of the wooden keel to form the whole of the upper section of 
the foot. Finally the foot has a soft foam rubber sole sealed to 
the entire bottom surface.
These f e e t  a re  s u p p lie d  i n  s ta n d a rd  s iz e s ,  la d ie s  and g e n ts , l e f t  and 
r i g h t ,  and a re  c a r e fu l ly  and l o c a l l y  shaped t o  th e  shoe, such t h a t  th e  
r e s i l i e n t  m a te r ia ls  have c le a ra n c e  to  de form  and expand w ith o u t  
b u r s t in g  th e  shoe, o r  b e in g  to o  lo o s e  a f i t  as t o  g iv e  i n s t a b i l i t y .
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The Hanger lateral Ankle Joint
In this joint two mutually perpendicular axis are used, The one in 
the plane of progression gives ‘subastragular-motion1 for inversion 
and eversion of the foot. The other gives the noi'mal plantar “dorsi­
flexion. The lateral motion is controlled by two rubber buffers, 
one placed medially and the other laterally to the pivot.
Heel Height Adjustment
Adjustment of the attitude of the terminal device is of great 
importance when walking up and down very steep slopes, or over very 
rough terrain, and for ladies who wish to vary the height of heel 
or style of their shoes. Ideally the gross shape of the foot should 
be altered and a proposed mechanism for this will be discussed later. 
There are two devices available at present (figure 74- page 288 shows 
the ‘Kellier version), but these both suffer from the same basic fault. 
Both devices incorporate a screw jacking onto the instep rubber, in 
this way the angle of the foot can be changed by pivoting about the 
ankle axis. The fault, however, is that the heel and instep rubbers 
are severely deformed and this changes very considerably the effective 
stiffness of the system.
The Pronosed Adjustable Terminal Device
A basic design for an adjustable terminal device is proposed. It 
is primarily designed for ladies but perhaps a modified and slightly 
simplified version can be developed for male patients. The design 
was initiated with a brief survey of ladies feet randomly sampled at 
Queen Mary‘s Hospital; these included secretarial, typing and clerical 
staff as well as nurses and social workers. The size of the shoe and
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the height of the heel was noted, and figure 13 page 267 shows-the basic 
foot dimension measured. Figure 14 page 268 is a table of 
observations and these are analysed in table 15 page 269 * It can be 
seen that the commonest shoe sise range is 4's to 5 i and the average 
heel height for this range was 1*4 inches. The toe-up angle varied 
between 0° and 10°, the average being • From these findings the 
basic shape of the foot was established and a reasonable range of 
adjustments either side have been provided. Figure 12 page 193 shows 
schematically the proposed design. The ankle pivot has been placed 
well anterior to be nearer the total static load line of the patient 
(similar to the Anglesey leg). This minimises the loading on the 
plantar-dorsiflexion rubber control springs. The ankle, pivot is rubber 
bushed to give some inv er si on-ever si on of the foot and also polar 
rotation. This is a standard metalastic bush available ex-stock in a 
large range of stiffnesses. Around the outside of this bush is a 
friction clamp set, such that it will slip above the maximum torque 
required for walking (i.e, say, 850 lbf,in,); this is so the terminal 
device can be made to take-up any reasonable attitude purely by 1 leaning1 
extra heavily on the foot. The control buffers will function normally 
about this new mean position, and thus make locomotion up steep ramps, 
and over rough terrain, more safe and less fatiguing, A simple thumb 
screw in the dorsum of the foot adjusts the shape of the foot by pivoting 
about the anterior ankle joint and the toe joint at the sole, As the 
!S* shape of the foot is changed, linear movement of the toe block, keeps 
the length constant. It is envisaged that the various segments be 
, injection moulded hollow monocoque structures, locally reinforced with 
metallic inserts, and in this way keep the gross mass to a minimum.
The finishing could be foam rubber or felt padding to fit the shoe and 
finally a cosmetic flexible p.v.c, or latex dip to totally seal the 
unit.
It is appreciated that a great deal more development work is 
required on this device.
C H A P T E R  11
LIMB STRUCTURAL ELEMENTS
The s t r u c tu r e  o f  th e  le g  i s  d is c u s s e d  w i th  re s p e c t 
t o  th e  m a te r ia ls  and methods o f  m a n u fa c tu re  o f  th e  
lim b  segm ents. V a r io u s  s t r u c t u r a l  system s a re  
d e s c r ib e d  and th e  m ethod o f  a lig n m e n t c o n s id e re d . 
The fu n c t io n s  o f  a lig n m e n t d e v ic e s  a re  d e ta i le d  and 
th e  tw o deve loped  u n i t s  d e s c r ib e d .
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L B ©  STRUCTURAL ELEMENTS
Introduction
The structural elements in the above knee prosthesis consist of, 
extrinsically the socket, and intrinsically the thigh piece, the knee 
ball, the shin, the ankle and the foot. These have two prime functions 
to fulfil. Firstly, they must possess sufficient strength and 
stiffness in terms of both static loading and fatigue life to transmit 
the gross body forces applied to them by the patient. Secondly, they 
must form the correct ‘alignment1 of the limb. This means, produce the 
appropriate geometrical relationships between the several limb 
segments, so that the foot is in the correct position with respect to 
the socket and the knee and ankle axes.
The design of such elements may be partitioned into two distinct classes, 
these may be termed endo-skeletal and exo-skeletal. In the exo-skeletal 
class the load bearing elements also form the outer cosmetic shapes, 
and may be further sub-divided into two systems; the monocoque or 
crustacean system and the wood system.
The monocoque system is a thin cosmetically shaped shell, and 
structurally may be termed a stressed-skin system. This is the 
optimum design in terms of strength-weight ratio. Materials used in 
this form of construction are light alloy and stainless steel sheets 
and reinforced plastic laminates.
The wood system uses substantially solid sections, the outside of 
which is carved to the required cosmetic shape, with the inside 
sometimes hollowed a little to reduce weight.
Exo-skeletal elements are generally fixed alignment elements. This 
means the axes of articulation are fixed during the manufacturing
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process, these can be marginally adjusted during the 1trial fitting1 
but re-alignment of the leg after finishing is a major factory 
operation*
In the endo-skeletal system the load bearing structure is of a tubular 
design with some form of non-load bearing outer cosmetic fairing*
This system may have separate alignment devices incorporated and the 
units are pre-machined components, easily and comparatively quickly 
assembled together to form the basic limb* One form of this system 
has been given the name ’modular1 and is commonly referred to as a 
Modular Assembly Prosthesis or a M.A.P. leg.
Structural Materials
Basically the lower limb can be considered as an ’Euler’ Strut, and 
usually the specific modulus is taken as a parameter for the 
comparison of different materials* This is reasonable only for short 
struts and a better parameter for struts with a slenderness ratio in 
excess of about 20 is ■=- where -E is the modulus of elasticity and p
p2
is the density of the material* In the choice of materials for the 
hardware developed in this report this was the ’weighted’ parameter 
used. Table 16 page 270 summarises the results for some common 
engineering materials and it can be seen from this aspect the two 
materials are carbon-fibre reinforced plastic at 7328x 10^ and the 
woods between 32 $ x 10^ and 1490 x 10^ . The other ‘ common materials 
such as the steels, light alloys, magnesium alloys and some of the 
rigid polymers are almost an order of magnitude lower*
Specific stiffness, however, is not the only consideration in the 
choice of materials for the limb.structure. Ultimate strength and 
proof stress must be included, resilience, ductility, Izod and notch
A 1CSQ _
sensitivity figures-are important* Fixing, jointing, bonding and 
fabrication methods must be born in mind, as veil as thermal 
conductivity and humidity and corrosion resistance. Dimensional 
stability, machinability and processing hazards must be carefully 
considered, also cost, availability and delivery. Finally, density, 
esthetic appeal and allergy and hygienic factors must have their 
influence In ’weighting1 a good or bad material.
In the United Kingdom today about ninety per cent of the limbs 
manufactured are hand beaten from light alloy sheet; this produces 
perhaps, the lightest limb practically possible, but unfortunately, 
this form of production tends to be rather expensive and time 
consuming, and thus other structural forms have been developed.
Four basic systems have been developed over the last three years which 
this report summarises. These are termed, The Plastic Leg, The Wood 
System, The Simplex Leg and the Modular System.
The Plastic Leg
This was developed as a direct replacement to the conventions.! light 
metal leg as scheduled to the Department of Health and Social Security.
This will be discussed in the Appendix in conjunction with the conventional 
No. 2 and 3 limbs, but briefly it consists of a plastic or conventional 
socket, fixed to a standard metal knee ball by a laminated plastic 
’container’ or thigh piece. The shin is again fabricated from 
reinforced plastic laminate and it is bonded to standard ’Hanger* shin 
and ankle base castings, which form the articulating joints. A 
conventional foot was used in this system. Figure 38 page 219 shows 
the leg.
The final weight of this leg was not substantially different from that
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of the scheduled limb and the ultimate failure loads were also comparable. 
The stiffness of the structure however, was slightly less as a 
plasticiser had to be incorporated into the laminating .resins, to 
reduce age embrittlement of the laminate, thus elastic deformations 
under load were slightly increased but this m s  not found to be a 
disadvantage.
The laminates were formed using a vacuum bag technique with hand 
lay-up and resin injection, with pre and post cures in an electrically 
controlled oven. High modulus woven !B1 glass with Methacrylato- 
Propoxy silane (,SI finish) was impregnated with polyester resin.
Two major problems overcome in this project were the development of a 
suitable laminating former, and secondly a reliable structural bond 
between the laminate and the LMo light alloy casting. Extensive 
testing and development was carried out in these directions and are 
discussed later in some detail. Furthermore, two years basic development 
has been conducted into the use of carbon fibre as a reinforcing 
material in limb design, and has resulted in a patent application , 
(British Patent Application Ho. 2883970) for a particular process 
involving this material.
The Wood System
This system was developed during the last two years and provisional 
patents for the knee manufacture have been filed (British Patent 
Application No. 2614-0.70). It was designed primarily to fulfil export 
demands and to enable more comprehensive control systems to be 
incorporated in limbs of wooden construction. This has now been sold 
to many countries and the existing production facility cannot supply 
enough components. The system comprises a knee unit articulated with
_ i n ..
top-of~shin, a simple wooden alignment device if required, and a foot 
unit articulated to lov/er-end of shin by an ankle joint.
The knee unit has been designed to be compatible with the latest knee 
controls, and although the latter are comparatively simple they are 
far more comprehensive in function and more precisein engineering 
dimensional tollerance. To incorporate these devices into a wooden 
structure therefore required the development of new techniques and 
processes, whereby dimensionally unstable materials are used to obtain, 
consistently, precision datum spaces and surfaces. \
In the wood knee developed two shear plates of inert structural grade 
laminated plywood form the load bearing portion into which are secured 
the knee joint bearing housings, see figure 39 page. 220.
The distance between these plywood sections is accurately maintained 
by glued blocks of hardwood of reasonable dimensional stability such 
as Makore, Utile or Afromosia. Bonded to the outside and forming the 
cosmetic shape are two wooden cheeks of obeche.
All the pre-machined wood blocks are jig drilled and dowelled together 
on assembly and are bonded with high strength, weather resistant, 
phenol-resorcinal formaldehyde resin adhesive. The outside shape is turned 
using-. . a . copying lathe and the back stop reces ses are routed in.
This produces an empty knee into which can be assembled at will any 
permutation of the knee control mechanisms. All the devices are 
completely interchangeable without affecting the structure or alignment 
of the leg.
The knee is articulated to the top of shin with stainless steel 
'•side steels1 which are routed into and fixed to the sides of the shin. 
Obeche was the wood used for most of the elements of this system and
- 142 -
this wood is indiginous to Nigeria. When components were exported 
to Africa, the termites and other ’bugs’.which habitually live in 
the wood, attacked the components. Thus preventive treatments had to 
be found; this serves as an excellent example to illustrate the care 
needed in the choice of materials in this biological field.
The Simplex Leg
The Simplex leg was developed as a simple and quickly delivered 
system for prescription to geriatric patients and to replace the 
Mark III pylons and their ’shin and foot’ modified versions.
The Simplex leg is held in stock as a kit of parts in the finished 
condition, such that it is required only to make the socket, rivet 
this to the attachment struts in the appropriate position, cut the 
below-knee shin tube to length, with the required ’toe-out’ position 
and fit the fairing to complete the limb. Figure 4-0 page 221 shows 
the leg with half the fairing removed.
The kit of parts consists of a standard metal knee-ball articulated to 
a magnesium ’Simplex’ casting which forms the top of the shin piece.
A simple semi-automatic knee lock is the usual knee control fitted, 
but the system provides for other mechanisms if required. Rivetted 
to the top of the knee-ball are two light alloy side struts which may 
be 'set’ to embrace the socket to give the required alignment. The 
lateral side strut also forms the attachment of the pelvic suspension 
system which is normally prescribed with this limb.
The magnesium Simplex casting has a distal spigot which serves a 
duality of purpose. Firstly, it forms the fixation to the shin tube, 
and secondly it permits a limited amount of adjustment in lengthening
or shortening the leg and internal-external rotation of the foot.
The shin tube is stored, factory bonded to the ankle fixation casting 
and, after cutting to the required length is, ’for trial’ secured to 
the Simplex casting spigot idth a ’jubilee’ type clamp. For 
’finishing’ this joint is bonded with cold curing epoxy adhesive and 
pinned.
Three types of terminal device are available with this system and 
this is so arranged that interchange of the foot does not affect the 
length or alignment of the limb. The ’rocker end’ is usually 
prescribed for ’primary amputees’ during the stump shrinkage period 
and this is usually changed to either a conventional foot or a S.A.G.H, 
type foot at some later date.
A Simplex alignment device is available to incorporate immediately 
above the ankle, this, however, is usually only required when a 
S.A.C.H. foot is fitted.
The fairings at this stage are moulded in two sizes, left and right 
in each size. They are ’blown’ from two-part polyether flexible foam 
and are pigmented to a neutral skin colour. Better fairings have been 
developed for the modular system and it is hoped to incorporate this 
design into the Simplex system.
The Simplex leg has been approved by the Department of Health end 
Social Security and can now be prescribed by any Medical Officer in 
the United Kingdom.
The completed limb weighs approximately 4- lbf. depending on the size 
and the type of suspension fitted. It is possible with this limb to 
measure, fit, finish and deliver to the patient in a single day, but 
it is recommended that, except under.special circumstances, and to
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optimise patient loadings on'the fitting staff, the *trial1 and delivery 
be separated blit ’pre-advised’.
The Modular System
This is a comprehensive system developed over the last three years, and 
it is envisaged that this ih.ll completely replace most of the 
conventional limbs manufactured at present* It consists of integral 
■units capable of being assembled to produce a whole range of limbs for 
amputations from the level of the malioli just above the ankle, to 
complete ablation of the lover limb, at or above the hip. The 
components relevant to the through thigh levels of amputation, only 
will be discussed in this report, but for reference figure 41 page 222 
shows-the complete system. The above components consist of a socket 
with suspension, a container, an above-knee alignment device, a knee 
casting with some control mechanism, a stirrup casting with tube 
clamp, the Neuber tube with ankle casting or below-knee alignment 
device, the terminal device and the three cosmetic fairings; the thigh 
fairing, the knee fairing, and the shin fairing. Figure 4-4 page 225 
shows various views of the leg and fitted to a patient.
The system is capable of accepting any socket and suspension method, 
but if a conventional perforated metal socket is supplied the 
container must be laminated before perforation.
)
The container is laminated over the outside of the socket with a 
special former placed at the distal end such that the container is 
moulded to accept, locate and form the fixing for the above-knee 
alignment device. The container is locally cut-away and reinforced 
for access to the valve if a suction socket is fitted, and to
- 145 -
buttress the brim to take load and have ample thickness for minor 
fitting adjustments.
Any of the standard above-knee alignment devices may be incorporated 
but the one particularly developed (British Patent Application 
Ho. 39241/68) is a total load-bearing, built-in, constant height device. , 
It is constructed from injection moulded plastic, self locating 
uedge-discs, and together with slots and spherical seating nuts and 
torque bolts, produces a five-degree-of-freedom adjustment unit 
quickly and easily varied at any time without affecting any of the 
other units, and particularly the knee casting to which it is attached. 
The knee casting is manufactured from magnesium-zirconium alloy 
and is machined to close tolerances, so that any of the knee control 
mechanisms can be easily incorporated without having to completely 
dismantle the leg. The knee casting is articulated with the stirrup 
casting, thus forming a uniaxial knee joint. Three different types 
of knee bearings can be incorporated according to the control fitted.
Ball race bearings for the standard controls/compliant bearings for 
the stabiliser and •Duo.-1 controls and the very simple leather bush 
friction bearings which some patients and Medical Officers prefer.
Figure 45 page 226 shows the compliant and leather bearings.
The extension stop takes the form of two moulded rubber buffer units 
placed medially and laterally on the stirrup casting. Two further 
buffer units are screwed to the rear of the stirrup casting to act as 
cushions when the limb is fully flexed in kneeling.
The stirrup casting is made from magnesium-zirconium alloy, and is 
basically ’I* shaped with the two upper arms joined around the front 
to form the kneeling bar. The lower section is webbed to a boss which
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is machined out to locate the Neuber tube* The Neuber tube is a 
standard stainless steel length of tubing split at the top so that 
for 1trial1 it is secured into the stirrup casting with a rubber 
expanding plug, this permits lengthening-shortening and polar 
rotation adjustments. Factory bonded to the distal end of the Neuber 
tube is either the magne sium-zirc onium ankle casting or the below-knee 
modular alignment device, these are compatible mth any of the 
conventional terminal devices and the new proposed device previously 
described, without affecting the length or alignment of the gross 
limb structure.
The three magnesium castings are fully certified castings with 100$ 
X-ray examination and crack detection and are routed through the 
’Mintech’ approved procedure for corrosion resistance; for example, 
manganese chromate, PX1C dip, fluoride anodise and epoxy dipseal.
The cosmetic fairings presented one of the more difficult problems 
to 'overcome. It taking three years of continuous experimentation to 
develop acceptable fairings, the final break-through six months ago 
came about by liaison with the art director of Madame Taussaud’s in 
London* A two way exchange of ideas helped both parties in two 
quite separate problems*
The fairings have two functions to fulfil, firstly they must 
reasonably look and feel cosmetic and be acceptable to the patient, 
secondly they prevent any sharp edges or hard parts of the structure 
from tearing or wearing out the patient’s clothing.
The shin fairings developed are manufactured in two stages; a semi- 
flexible polyvinyl chloride outer skin is ’slush* moulded on the 
inside of a heated metallic mould, the residue is poured out, leaving
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a thin skin. The inner shaped mould is inserted and the resulting 
space is filled by ’free blowing ’ of two part flexible polyether foam.
The PVG is pigmented with ’Burnt Umber’ to a neutral skin colour.
This produces a fairing which is smooth to the touch, has a pleasant 
feel, is completely impervious to moisture and is easily kept clean 
and hygienic by a wipe with a disinfected, dampened cloth.
The thigh fairing is made by a similar process, but is split at the 
back for easy assembly, and is held together with double-sided pressure 
sensitive, adhesive tape. The knee fairing is fitted into the front 
aperture of the knee casting and is ’slush* moulded in rigid 
pigmented PVC. Figure 1*2 page 223 shows the fairing fitted in position.
Alignment Devices
Alignment devices for above-knee limbs are usually incorporated into 
the structure at one or more of three distinct levels, immediately 
above the knee mechanism, just below the knee and just above the ankle 
joint. They are load bearing structural elements which permit the 
adjustment of not only the geometrical relationship, of the various 
segments of the limb, but also influence the gross weight and mass 
distribution of the prosthesis.
These devices are of three basic types, the ’built-in’ device; the 
’alignment jig*, which is removed during the finishing of the 
prosthesis, and the type which is removed only when the definitive 
prosthesis has been completed. The latter will be referred to as a 
temporary alignment device.
The ’built-in’ device forms a permanent integral part of the load 
bearing structure and is usually incorporated only with the endo-skeletal
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systems® The other two types are removed and are usually* associated 
with exo-skeletal systems®
All types of alignment devices usually have a maximum of five 
kinematic degrees of freedom, the sixth, lengthening and shortening 
of the limb, being separated® The five degrees are the two linear 
translations; anterior-posterior and medial-lateral slides, and the 
three rotations; flexion-extension, abduction-adduction, and 
internal-external rotation®
For a successful device, these degrees of freedom should permit of 
easy adjustment, quickly and independently tightened or clamped, 
such that the structure is returned to its previous stiffness 
(or rigidity) without the fear of slip or inadvertent alteration when 
load is applied® The resolution of such movements, however, has 
caused much controversy, and some devices are available with 
adjustments in small discrete steps®
With ‘built-in* devices the gross weight of the definitive limb is 
marginally heavier than today* s conventional limbs, but this 
disadvantage is outweighed by two basic advantages*® First, the total 
weight and mass distribution of the finished limb is substantially the 
same as the 'trial* limb, and second, the alignment of the limb can be 
altered at any period in the amputee's prognosis. Thus the 'dynamic* 
alignment can be greatly improved, and this has been shov n to give 
the impression that the leg is in fact lighter®
The alignment jig suffers from several big disadvantages. Firstly, 
the change in weight and moment-of-inertia of the segments of the trial 
limb and those of the finished prosthesis can be quite large, and thus 
it can be argued that the patient is in fact walking on an incorrectly
dynamically aligned leg. Secondly, the removal of the jig in the 
finishing of the limb requires expensive ’transfer jigs’ such that the 
alignment is not ‘lost’ during this factory operation. Furthermore, 
once the leg is completed, it is a major operation to realign the 
limb.
The advantage, however, with this system is that the alignment jig 
itself can be far more comprehensive in its detailed design because 
the limitations in size, weight and even cost, are not quite so 
prohibitive. For example, each degree of freedom can be individually 
adjusted and locked, so that cross-coupling between the degrees of 
freedom can be minimised.
The temporary alignment device has basically the same faults as the, 
alignment jig, but greater accuracy can be maintained in the 
alignment of the finished leg, as there is little fear of ’loss of 
alignment’ and the expensive transfer jigs are not required. The 
weights of the trial and finished legs will be different, but this 
can be minimised by judicious choice of materials. Furthermore, 
with the exo-skeletal systems the hollow can be utilised to incorporate 
an adjustable mass,to ’tune’ the leg in the event of, say, changing 
shoes, and thus maintain the desired radius of gyration. This, of 
course, can also be incorporated with the endo-skeletal systems by an 
adjustable mass sliding on the central tube*
Only two devices will be briefly mentioned here, these devices are the 
Hanger Modular AK alignment device and the S.A.C.H. foot alignment 
device.
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The Hanger Modular Above-Knee Alignment Device
This device has five degrees of freedom and the two tilts are achieved 
with the wedge disc principle. Two pairs of such discs are cascaded 
together with the wedge angles mutually perpendicular to each other 
and a stationary spacer between them. This gives complete . 
independence to flexion-extension and abduetion-adduc ti on adjustments. 
The device is clamped together with four spherical seated high tensile 
bolts and the two translations and polar rotation are accommodated by 
loose slots in the distal fixing plate. The device is simple, light 
in weight, and cheap to manufacture, being designed for injection 
moulded components.
The Hanger S.A.C.H. Foot Alignment Device
This device was developed for incorporation into the modular leg 
and the Simplex leg when a S.A.C.H. foot is fitted. It was found 
sufficient to limit the degrees of freedom to give adjustments only 
in anterior-posterior slide and planta-dorsiflexion. The latter is 
achieved with the wedge-discs, and by rigid-body rotation of both 
discs together eversion-inversion of the foot can be adjusted, but 
this will also alter the planta-dorsiflexion setting. Polar rotation 
of the ankle is separated from this device. Figure 47 page 228 
illustrates this device.
STRENGTH REQUIREMENTS
The controversy on the strength requirements of the 
prosthesis is discussed and the need for a simple 
’life1 transducer mentioned. Performance of the 
structure under particular testing conditions is 
specified for static loading and endurance 
requirements.
STRENGTH REQUIH5I4SKTS
Introduction
The strength requirements of a prosthetic device are subject to much 
controversy. Should the limb be able to withstand excessive abuse -
for example, the very large forces of an amputee jumping off a ten
foot high platform? On the other hand, should the limb be relatively 
much weaker, such that in the event of an accident the limb yould 
fail in preference to, say, the femur of the amputation stump?
Furthermore, to what extent can local damage or deformation be
tolerated without causing critical failure, and to what extent can 
such a mechanism be an ‘early warning system* that critical failure 
is imminent? There is no previous documentary evidence that this has 
been considered in the past, or, indeed, any laid down loading 
conditions.
The ’normal* forces in level walking to which the amputee subjects 
his iDrosthesis can be estimated from three basic parameters: the
gross body weight ¥: the functional length of the femur and an
empiric factor P related to the patient’s particular gait 
characteristics, his degree of activity, occupation and his hobbies 
or interests. In this way, an amputee can be graded a light user, 
a normal user, or a heavy user. ’Normal’ forces are obtained by 
force plate and pylon studies and instrumented leg and muscle EMG 
experiments. These ’normal’ forces will, of course, vary with each 
individual patient and, thus, this does not present a satisfactory 
solution, unless data is analysed statistically on a very large number 
of subjects. Furthermore, are the ’normal* walking forces the correct
criteria on which to base the strength requirements? ’Normal1 in this 
sense means usual or not abnormal, and must not be confused with 
perpendicular, for example the vertical floor reaction is often 
termed the ’normal floor reaction’, and in the latter case normal, does 
mean at 90°.
A reasonable solution was thought to be in making the structure of 
the leg of comparable strength to that of the conventional artificial 
limbs manufactured up to the present day. Many thousands of above- 
knee limbs have been fitted each year for about sixty years with very 
little design change and, what is far more significant, very very 
few failures.
Therefore, thepolicy adopted was to carry out a programme of 
destructive testing on conventional limbs and, from these test results, 
develop a schedule of test procedures for any new device and thus 
tabulate the loads it would be expected to reasonably withstand, 
see table 17 page 271 , these tests being intended as a ’sieving’ 
mechanism in the evaluation of the device to run simultaneously with 
field trials and clinical exposure.
At the same time, accelerated wear tests and fatigue tests are 
conducted such that, firstly, the life of the device may be estimated 
and, secondly, the testing position is always ahead in time of the 
patient trial. In this way, if failure occurs in fatigue, all limbs 
may. be recovered from patients before they suffer any injury.
The life of the structure is thus set and a mechanism can be introduced 
into the system to indicate when the limb is nearing the end of its 
’safe-life’. The indicator can be, for example, a DU bearing, the 
wear properties of which can be estimated from the number of cycles
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and the loading spectrum determined on a ’cumulative damage’ type basis. 
Many of the components can be designed to be ’fail-safe’, but the 
gross structure cannot and, thus, a ’safe-life’ must be specified.
From the gross loadings, the stresses in the components are calculated 
and compared with the allowable stress of the component material in 
terms of ’factors of safety’.
Gross Loading Requirements
From the results of the mechanical testing described in the next chapter, 
the following criteria has been established to give general indications 
of the loads reasonably expected of the structure of the above-knee 
limb.
Axial Compression
The complete limb should withstand a direct axial compressive load of 
1,500 lbf.“when loaded progressively, at a strain rate of about 2 inches 
per minute. There should be no permanent distortion or local plastic 
deformation after unloading and elastic recovery, and all previous 
functions should be unaffected. This requirement pre-supposes that the 
alignment of the leg segments is normal and that the load line passes 
just in front of the knee axis. (Maximum about l.C inch).
Medial-Lateral Bending
The limb should be supported on padded nests at the top of the socket 
and at the ankle joint such that reaction loads are distributed over a 
large area and thus no local budding occurs from high point loading.
The leg should be progressively loaded axially through the knee bolt 
to achieve a maximum bending moment laterally about the knee of
3,000 lbf.in. The limb should withstand the above moment without
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suffering damage to either the structure or any mechanism which may 
be incorporated. There should be no permanent distortion and all 
mechanisms should function correctly before and after loading*
Anterior-Posterior Bending
The complete leg should be supported at the top of the socket and at 
the ankle as in the previous test. The limb should be loaded 
perpendicular to the knee axis such that the moment developed is reacted 
through the back-stop. The load should be progressively increased to 
achieve a bending moment of 3>000 lbf.in. about the knee joint, or to 
give a direct load in the back-stop of 1,000 lbf, whichever may be the 
greater.
It is important to note that control mechanisms should be effectively 
•in-parellel1, so that the structure of the limb may act as a 1 shunt1 
to these very high loadings. It would be unreasonable, for example, 
to expect a stabilising mechanism to withstand a moment of 3,000 lbf.in. 
in fact weight and size restrictions preclude such a possibility.
Push-Off Loading
This test is designed to load the limb in the configuration when the 
amputee is applying maximum forces at the end of the stance-phase in 
the critical period of push-off or toe-off.
The shank of the limb should be progressively loaded through the knee 
axis and sole of the foot to achieve a bending moment of 3,000 lbf.in. 
about the ankle axis, without damage or permanent distortion to either 
the shin, the ankle joint or the foot.
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Endurance Requirements
From vibration tests and resonance search tests carried out in the 
environmental test laboratories of Fairey Engineering Limited, the 
following endurance procedures have been established.
Vertical Vibration
The complete limb shoiild be rigidly attached to the vibration platform
by the foot or by bolting to the ankle axis if the foot is removed.
A dead weight of 150 lbf. should be securely fixed to the top of the
socket and located so as to be safe and in a stable configuration.
With the vibration axis in the vertical plane, the leg should be
6
subjected to approximately 10 cycles at a frequency of 100 Hz and the 
amplitude set to give a test level of 1 g.
At the end of this ‘shake-down1 test there should be no damage or 
inadvertent loosening of any fixings or fasteners on the structure.
All mechanisms should be functioning correctly before and after testing, 
the settings and adjustments of mechanisms and devices should be 
unaltered, and no undue wear should be found in any components.
Lateral Vibration
The complete limb should be rigidly ‘earthed1 at the foot, and the 
vibration input securely fixed to the thigh section just above the knee 
joint.
With the vibration axis in the horizontal plane, the straight leg with
6the 150 lbf. dead weight applied, should be subjected to 3.0 cycles 
at 5 Hz and the amplitude set to + 0,050 inch at the input.
- 157 -
Back-Stop Endurance
The complete limb should be rigidly ‘earthed1 at the toe-piece, such 
that toe flexion and dorsiflexion of the ankle are uninhibited. The 
top of the socket should be constrained and loaded such that only 
rotation and polar translation at the level of the hip joint is 
permitted. >
A reciprocating crank drive should be fixed to the knee axis, and the 
amplitude set to give a maximum angle of knee flexion of about 60° in 
the one direction, and a reaction load of- 2C0 lbf. in the back-stop 
in the other direction.
The limb shottLd be cycled at 1 Hz for 1C^ cycles. There should be no 
failure of any components nor undue wear upon dismantling and close 
examination.
Note
The above tests are to ‘screen’ the prostheses prescribed to average 
male patients. The requirements for ladies and children on the one 
hand, and very heavy active patients on the other, may need the limb 
structure lightened or reinforced accordingly. Using similar 
slenderness parameters etc. the strength to size ratios generally give 
about the correct strength requirements.
C H A P T  E II 16
MECHANICAL TESTING
The mechanical tests conducted on various components 
during the research programme are listed. Each test 
is then briefly described and the results discussed.
MECHANICAL TESTING
Introduction
The mechanical tests app3.ied to the gross limb structure and various 
’critical1 components can be broadly divided into three basic-typesj 
static loading, suddenly applied loading, and dynamic or fatigue 
tests. Some of the experiments were classical ’strength of materials’ 
testing techniques with all their relevant implications, while others 
were more hybrid type tests designed to relate particular information. 
The tests applied wTere as follows:-
Static Tests
Compression:-
(i) Axial compression of the complete limb
(ii) Axial compression of the shin
(iii) Axial compression of the thigh
Tension:
(iv) Axial tension of the shin 
(v) Lap joint tests
(vi) Centre bar buckle tests
Bending:-
(vii) Three point bending of the complete limb in 
the anterior-posterior plane
(viii) Three point bending of the complete limb in 
the medial-lateral plane
(ix) Three point bending of the neuber tube
(x) Cantilever bending of the shank
(xi) Cantilever bending of the shin without a foot
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Torsion:-
(xii) Axial torsion of the complete limb 
(xiii) Axial torsion of the shin
Torsion Bending:-
(xiv) Combined torsion and bending of the shin
Suddenly Applied Loading 
Impact:-
(xv) Vertical impact of the shin <> . .
(xvi) Horizontal impact of the shin 
; (xvii) Back-stop impact tests
Wrench:-
(xviii) Ankle wrench tests
Dynamic Tests
Vibration:-
(xix) Axial compression cycling of the complete limb
(xx) Lateral bending, stress reversal cycling of 
the complete limb
Endurance:-
(xxi) Back-stop endurance 
Knee Moment:-.
(xxii) Knee moment cycling tests
Gther tests which are discussed in the Appendix include:- 
(xxiii) Bearing compliance 
(xxiv) Recommended H.S.IC. setting torques
- 161
Axial Compression of the Complete Limb
These tests were conducted in the measurements laboratory of the 
Biomeehanical Research and Development Unit at Roehampton using their 
Instron tensile testing machine.
Two-modular above-knee limbs were tested. The first sample was set 
with normal alignment, and the other set with the above-knee alignment 
device in the 'abuse* condition. The top of each socket was set in 
plaster-of-paris to form a loading platform, and the legs were mounted 
in the testing machine as shown in figure 48 page 229 . <
The first sample failed by slow plastic deformation or euler buckling 
of the socket struts at 1800 lbf. The second failed by progressive 
collapse of the struts atl6501bf. These samples were tested in the 
unfinished condition with no fairings or knee mechanisms incorporated. 
The second set of testing was conducted by Fairey Engineering Limited, 
a copy of the report is included in Appendix J page 477.
Axial Compression of the Shin
Several, sets of test data are available j the earliest being conducted 
by the Airscrew Company and Jicwood Limited in 1954? when they 
contracted with J. E. Hanger and Company Limited to develop glass 
laminate shins to replace the hand formed conventional metal shins. A 
copy of the report is included in Appendix J page 0 3  * Failure was 
reported at about 3,800 lbf. due to buckling of the metal just below 
the knee, but it is not stated when yield first occurred.
A second set of tests conducted by Messrs. Sandberg in 1966jit was 
reported that bond failure between the knee casting and shin occurred 
at 2,000 lbf. and complete collapse by buckling of the metal below the 
knee at 3>800 lbf.
Finally the writer conducted compression tests in 1967. The tests were 
carried out at Kingston College of Technology in the Strength of Materials 
Laboratory. The Denison tensile testing machines were used and 
figure 49 page 230 shows a conventional metal shin in the 50 tonf 
machine. This large machine had to be used because of the length of the 
shin. The results are summarised in table 2 page 465 but generally 
yield occurred below 2,000 lbf. and complete collapse much higher around 
the 4,000 lbf. level.
Axial Compression of the Thigh ^
Three knee-ball container assemblies -were tested in the Kingston Laboratorie 
The first sample comprised of a conventional metal container rivetted to 
a standard 3iJI metal knee ball* The second was fabricated with a standard 
’Simplex1 knee-ball, the container being an epoxy laminate. The lay-up 
of the latter consisting of one nylon stockinette, three glass cloths 
and a finishing nylon, stockinette, the laminating resin system used was 
MY 753 with hardener HY 956 (ciba). The final sample was constructed 
with a conventional peg-knee ball and shoulder laminated idLth a polyester 
thigh-piece. The lay-up in this case was three glass cloths with-a 
finishing nylon ; stockinette, and the laminating resin system was 60%
4116 rigid, 4C$ 413A flexible, catalyst 1% MSKP (BIP Beetle), In all 
cases the load was applied through a wooden block fixed into the top of 
the container. Table 3 page 476 details the results where it can be seen 
that in sample one complete failure occurred at 3 >400 3.bf. At 1,2CO lbf. 
yield was initiated and the three posterior rivets sheared at 2,000 lbf.
In sample two the stress-strain curve slope suddenly changed at 300 lbf. 
but failure did not occur until 6,200 lbf.
In the final sample local buckling occurred in the metal at the front of 
the knee at 5,200 lbf. There was no perceivable damage to either the 
laminate container or the plastic to metal bonded joint.
Axial Tension of the Shin
A large number of sample shins have been subjected to tensile tests in 
the last few years to establish if various techniques or modifications 
on the conventional unit is admissible, as well as to obtain basic 
information. The earliest data comes from Jicwood in 1954 which reports 
that 2,100 lbf. caused no permanent damage. Next comes Sandberg in 1966 
in which bond failure was propagated from 3,100 lbf. Various tests have 
been conducted from 196? at Kingston, ranging from Explosion-formed 
metal shins failing at 6,200 lbf. to plastic bonded shins failing at 
900 lbf. The shins were loaded through the ankle and knee bolts, and in 
some cases failure occurred by shearing or bending of either of these 
bolts. The results are detailed in table 1 page 464 and figure 50 
page 231 shows photographs of failed shins.
Lap Joint Tests
The series of lap joint tests were conducted at Kingston to obtain 
reliable values of the shear strengths of plastic to metal and metal to 
metal bonded and rivetted joints which can be expected from the factory 
floor. This was found necessary as the theoretical figures quoted by 
the adhesive manufacturers can seldom be practically achieved.
The tests are discussed in Appendix J page 454 , and it can be seen 
that for a metal to metal bond the hot setting epoxy system AU1 (Giba) 
was the best, giving a shear stress of 2,240 psi at failure.
The best result for the laminate to metal bond was achieved with the 
AV133-HV133 system (Giba), the failing shear stress being 1,436 psi.
Figure 51 page 232 shows three failed samples of metal to metal bonds, 
figures 52/53 pages 233/4 show tested samples of laminated plastic to 
metal bonds, and figure 55 page 236 shows a typical test.
The rivetted lap joint tests were comparison tests to establish if .
tubular type rivets could be safely incorporated into the conventional 
systems. The results are discussed in appendix J page 460 and it can 
be seen that the ’pop1 rivet was the best choice with equivalent shear 
failures stress of the order of 1,000 p.s.i. figure 54 page 235 shows 
a photograph of three failed samples*
Centre Bar Buckle Tests
These tests were conducted to establish the strength and reliability of 
the various adjustable fixings and suspensions of the prosthesis,, and to 
compare the ultimate strength and failure mode of different suppliers of 
buckles. A copy of the test report is included in appendix C page 310 .
Three Point Bending of the Complete Limb: A-P Plane
These tests were conducted on the B.R.A.D.U. Instron machine and figures 56/7 
pages 237&show the test configuration. The test procedure was that described 
in the previous chapter in Strength Requirements, page 156 . At the test 
level specified the load was held for 20 seconds and then the loading 
was increased to failure. Failure occurred by local buckling of the 
socket struts at a bending moment of 3,480 lbf.in. Close inspection 
revealed slight distortion of the top-plate.
Three Point Bending-of the Complete Limb: M-L Plane 
These tests were again conducted at B.R.A.D.U. in accordance with the 
previously described procedure, and figure 57 page 238 shows the test 
configuration. The load was held at the prescribed level for 20 seconds
and then increased to failure, .Failure occurred by progressive rotation 
and shearing of rivets in the socket struts at a moment of 3,504 lbf. in.
Three Point Bending: of the Neuber Tube
These tests were conducted to establish the mode of failure and falling 
loads of various gauge tubing and to recommend the most suitable tubing. 
Although the tubing used was austenitic stainless steel and as such not 
heat treatable, it was suggested by the tube suppliers that heat treatment 
processes may diminish the ’spread1 of mechanical properties likely to 
occur in the ’as received* condition.
Samples were subjected to various heat treatments and loaded as in 
figure 58 page 239 . The tubes were supported at either end on hard 
wood nests and loaded in three point bending with a third block at the 
mid point. Failure occurred by local buckling of the tube at either side 
of the central block at a distance of approximately half the tube diameter. 
Table 18 page 272 summaries the results and it can be seen that the heat 
treatment was not effective (as suspected) and that the 0.036” gauge 
thickness tube was recommended.
Cantilever Bending of the Shank
Figure 59 page 240 shows the test configurations. Tests were conducted 
with and without terminal devices. Sample one was fitted with a S.A.C.H. 
foot, failure occurred at 3,036 lbf.in. due to splittingof the wooden keel 
of the S.A.C.H. foot. The next sample was fitted with the conventional 
uniaxial foot and failure occurred at 3,276 lbf.in. due to splitting of 
the wooden heel at the bolt hole. The third sample was fitted with a 
Hanger 1 lateral ankle and failure occurred at 4,560 lbf.in. due to 
progressive bending of the ankle bolt. The final sample was fitted on to 
the channel lever and failure occurred at 4,872 lbf.in. by progressive
collapse of the shin tube just above the ankle casting.
Torsion Testing
Axial torsion tests of the complete limb were conducted on the B.R.A.D.U. 
Instron and the loading configuration was as shown in figure 60 page 241 
A universal coupling was attached to the plaster-of-paris filled socket 
and loaded with an off-set lever arm. The foot was located in a channel 
section. The first sample, fitted with a S.A.C.H. foot failed at
1,000 lbf.in. due to splitting of the wooden keel, a second sample also 
fitted with a S.A.C.H. foot failed by a similar process at 1,060 lbf*in*. 
The third sample fitted with a conventional foot failed at 900 lbf.in. 
due to the heel wall splitting and the ankle pivot cradle rotating in the 
foot.
Torsion Bending
Torsion tests were conducted by Jicwood, the results are reported in 
Appendix J page 437 and it can be seen that for just the shin section 
torsional strength is very much increased, the average failing torque 
being about 4-, 000 lbf. in. Sandberg also conducted limited torque tests 
and reported that a metal shin failed by budding just above the ankle at 
2,980 lbf. in. and a second plastic shin failed at 2,370 lbf .in. From the 
loading diagram included in the report, Appendix J page 443 it can be 
seen that these tests were not true axial torque, but also included 
cantilever bending.
Imnact Testing of the Shin
These tests are discussed in Appendix J page 434 where it is reported 
that a weighted shin was allowed to fall six indies end~on onto two types 
of foundation, one rigid and one cushioned. Horizontal Impact tests were
slso conducted. A hemispherical steel tup of 10 lbf. weight was dropped 
from a series of heights increasing in one inch increments.
Back-Stop Impact
Figure 61 page 242 shows two photographs of the test rig, used to impact 
test the modular back-stops. The thigh section of the leg was located on 
padded nests and securely fixed in position. A load equivalent to that of 
the foot was fixed to the end and a rod to lift the load and allow it to 
fall a set distance. The leg was cycled at 1 Hz until failure was 
initiated. Failure occurred by fatigue tearing of the rubber at about 
3*8 x 10^ cycles.
Ankle Wrench Tests
These tests were conducted by Jicwood and are discussed in Appendix J 
page 436 .
Vibration Tests
These tests were conducted in the environmental testing laboratories of 
Fairey Engineering, and the reports are included in Appendix J page 487
Back-Stop Endurance
The back-stop has two basic modes of function (described earlier) firstly 
to cushion terminal impact at the end of the swing-phase. Secondly, 
substantially static compression in the stance-phase. These tests were 
conducted to predict the reliability of the back-stop in the second mode 
of operation.
Figure 62 page 243 shows the test procedure, and it can be seen load is 
applied by compression of the rubber buffers. The photographs show the 
buffers in the unloaded and fully loaded condition, and it can be seen that
_ i _
the load (i.e. deflection) can be individually adjusted. Appendix H 
page 424 details the load~deflection calculations. Cycling of 1 Hz for 
about 4 x 106 cycles to failure seems to give a reasonable ’in-use1 life.
Knee Moment Cycling Tests
Knee cyclingtests were conducted on the Hanger Swing-Phase Control using
the ’Bottomly Bicycle Hheel Machine1. The leg was located in centres
on the knee bolt and the shin secured to the 'wheel1. The socket was
filled with a bag of water and the thigh held vertically in position by
a strain gauged strut. A potentiometer indicated the angle of
reciprocation of the ’wheel’ and these two signed.s were fed to the X-Y
plates of an oscilloscope. Figure 63 page 244 shows three typical
traces of the unit at three speeds with the device at the same setting.
6The units were cycled for 4 x 10 cycles and periodically dismantled 
and inspected. After initial ’bedding-in’ the diminution in thickness 
of the P.T.F.E. discs was not detectable with a micrometer before and 
after cycling.
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HARDWARE DEVELOPED
The major developments are briefly described concentrating 
bn the HSK and compliant bearing and the HSP. The ICS 
'and modified Ogee lever are mentioned also the WTKC.
The positive back-stop is discussed and the wood system 
and modular AK leg.
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HilRDWARE DEVELOPED
Introduction
During the research programme a great deal of hardware has been developed, 
and Volume 3 contains the general arrangements, assemblies, sub-assemblies 
and component details of the devices which are relevant to the text*
To complete the thesis, however, this chapter is devoted to the description 
of these devices, but for the sake of brevity only the major 
developments are included*
The brief descriptions mil concentrate on the swing-phase control, 
the stabilising unit mentioning the positive back-stop and the ogee 
extension bias as representative of the knee control mechanisms, and 
the modular leg and wood knee device as representative of the leg 
structures. Details of the more conventional controls are also 
included where modifications have been carried out to make them 
compatible with the new systems*
The Swing-Phase Control Unit
The sub-assembly of this device, Drawing Ho, B 24-02 is shown on 
page 273 The full details appear in Section 5 page 700 in Volume 3.
The unit consists of a main bearing made of En 1A (B33 970), bored to 
accept the knee bolt and fitted with a key. Pinned and bonded to the 
main bearing is an end plate which carries two buffer blocks. The main 
bearing is sleeved with ’Nylatron’ to form an accurate bearing on which 
the hard anodised vanes rotate. The fit between the vanes and the 
bearing is critical, any looseness results in noise of operation, and 
tightness prevents rotation of the vanes resulting in too much residual 
friction; with the star wheel fully released the initial limiting
frictional'torque should not exceed about 4- lbf.in. Six pairs of 
vanes are cascaded together, each pair consisting of one fixed vane 
and one moveable vane. The fixed vanes are secured to the knee.with 
an anchor bracket and links (Drawing No. A 2C93 page 274- ) and move 
with the thigh rotating on the main bearing. The anchor bracket and 
links permit of the axial movement when fitted with the compliant 
bearing in conjunction with the HSK. The pivots and links are bushed 
with nylon and faced with PTFE thrust washers.
The moveable vanes are 'dragged1 round with the fixed vanes by the 
‘friction1 discs between them. The 0.010 in. thick PTFE impregnated 
glass fibre friction discs are designed such that above a set level of 
adjustment the pressure between them is in excess of 50 p.s.i. The 
PTFE then flows and thus velocity dependent viscous damping is 
achieved as opposed to coulomb damping. Each moveable vane has a spur 
see figure 68 page 249 which is successively brought to rest against 
the buffer stops. The compressive loading between the vanes is 
applied by tightening the star wheel onto a Belville washer. To 
prevent any tendency for the device to self-loosen,a fixed washer is 
superposed between the adjustment wheel and the Belville washer, and 
a nylon friction plug and grub screw are incorporated in the star wheel. 
The two buffer stops are cushioned with shaped extruded Nitrile rubber, 
and one is fixed to the end plate with countersunk high tensile cap 
screws. The other stop is adjustably mounted on the end plate in a 
radiused slot. Figures 67 to 70 inclusive, pages 24-8 to 251 show the 
swing-phase control unit mounted in various configurations.
The components, where possible, have been designed such that they can 
be manufactured by simple turning operations on an automatic lathe,
or pressed out of thin sheet using pierce-and-blank dies. Costly 
milling operations are then reduced to a minimum. All the steel 
components are cadmium plated and passivated to B3S 1706, and the 
light alloy components natural anodised to DEF 151. This prevents 
corrosion. The vanes are hard anodised (in accordance with-Min. tech. 
specification Bit 12035) by the sulphuric process at 0° C, and together 
•* with the solid phase PTFE lubricant produce an excellent wear resistant 
unit. Thus an inexpensive, reliable device, which approaches closely 
to the ideal operation curves of figure 10 page 191 and which has 
sufficient adjustment to cater for the majority of above-knee amputees, 
has been developed, tested in the field and accepted by the Department 
of Health for general prescription.
The-Stabilising Knee Control Unit
The sub-assembly of this device for the metal knee, drawing No. B 2249 
is shown on .page.275 • The inverted configuration for the modular knee, 
drawing No. B. 2432 is shown on page 276 , and the complete engineering 
details appear in Section 4 page 634 in Volume 3.
The device consists of a hoop clamp, machined out of HE 15 WP, fitted 
with a ’Ferobestos’ flexible brake lining and gripping a one-way 
'Sprag1 clutch. The brake-band has lift-off springs incorporated to 
assist release when load is removed. The band is caused to grip the 
clutch drum by actuation through a bell-crank lever. The initial 
position of the lever, and hence the degree of ’grip' is adjustable.
The adjustment bracket, lever and brake-band are pivoted together 
and to the back-plate with silver-steel pins and are assembled with 
’spire push-on fix’ retainers.
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Felt annular seals are fitted into celluloid seal housings and located 
either side of the drum. These prevent foreign particals collecting 
in the brake lining and impairing its function. The angle of wrap 
of the hoop clamp is such that the mechanism is positive-servo actuated 
and in the early designs (see figures 64 to 66) this self wrapping 
action tended to lift the lever off the adjustment screw, resulting in 
a metallic 1 click1 during walking. It was therefore found necessary 
to lock the lever.
The deflection characteristics and recommended setting torques and the 
inspection procedures of the HSK are further discussed in appendix G- 
page 375 •
The HSK is purely a stance-phase device, the knee being completely free 
to flex and extend when there is no load on the prosthesis. This 
device must therefore be fitted in parallel with a swing control device. 
The unit of choice is, of course, the KSP, these two together (termed 
the Duo control) give complete comprehensive control of the knee in 
the stance and swing phases of walking. It is often desirable, however, 
when a mature patient has been accustomed to wearing the WTKC and ICS, 
to incorporate these units in with the HSK. The sub-assembly of the 
WTKC Drawing No. B 2315 is shown on page 277 . The fixing of this 
standard device to the bade of the knee is modified to accommodate the 
axial compliance. It can be seen that a swivel bracket is rivetted 
to the brake band, and pivotted to the back-plate with a silver steel 
pin and held in position with ’spire fixes’.
The sub-assembly of the ICS Drawing No. B 2313 is shown on page 27$
The function of this device has been described, see page 117 .
When fitted with the HSK, however, a simple modification can improve its 
function. This consists simply of incorporating an ogee extension bias
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lever (Drawing No. A 2555 page 279 ) in place of the standard (Item 30)
lever. It was shown in Chapter 12 that a small amount of positive
work is required only during the short phase immediately after maximum, 
heel rise to initiate knee extension, and that the amount of work 
required is dependent on speed of walking, the faster the walk the 
more work required. The knee flexes to a larger angle, however, and 
thus the extra work can be obtained by arranging the correct
compression of the ICS, consistent with the speed of walking, that is,
the angle of knee flexion. This has been simply achieved with the 
specially profiled ogee lever.:
The Knee Bearings
The sub-assembly of the compliant bearing, Drawing No. B 2319 is shown 
on page 280 , and as the name implies is sensitive to axial load.
The axial stiffness, however, is very non-linear, a load greater than 
30 lbf. and less than 200 lbf. will produce a deflection of up to 
0.C40 in., after this the bearings ’Bottom1 and axial stiffness sharply 
rises to 2.8 x 10-* Ibf.in""^ . This means that loads in excess of 200 lbf. 
are transmitted directly through the bearings, ’bye-passing* the knee 
mechanisms and acting as a safety device to prevent over-loading 
the HSK.
The design of the compliant bearing is extremely simple. The bearing 
housing is manufactured from HE 30 and is hard anodised producing a 
glass hard, extremely w^ ear resistant surface. The slightly elongated 
hole has a polyurethane elastomer bush fitted. The bush is moulded 
to size and the inside and outside surface finish is obtained from 
the polished and hardened surface of the mould in which .'it is cast 
in manufacture.
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The bearing housing is secured by screwing through the -knee structure 
into the bearing housing back-plate. The bearing (which is again 
turned from PIE 30 and hard anodised) with nylon thrust washer attached 
is located inside the bearing bush* The assembly is lightly greased 
with Polyalkalene Glycol, and this produces an effective and reliable 
bearing which his been tested to 25 x 10^ cycles, and well tried in 
the field without any significant wear or malfunction*
The sub-assembly of the ball race bearings Drawing No* B 2342 is 
shown on page 281 , standard ball races are pushed into and ‘loctite* 
bonded into bearing housings. These bearing housings are turned from 
HE 30 and natural anodised to DEF 151. The fixing is the same as the 
compliant bearing housing,, thus making them completely interchangeable, 
simply with a screw driver.
The leather bush bearing Drawing No. B 2485 page 282 , has been retained 
because of its large usage particularly overseas. The bearing housing 
fixing is again common, and a leather bush is bonded in the housing 
with Shellac. The leather is loaded with Tallow and rotates on a 
tapered steel sleeve.
The knee bolt is manufactured from En 24 T. The bolt carries two 
key ways, one a standard 0.125 key for the HSK, liTKC and ICS devices, 
and a standard 0.093 key for the HSP. The different keys are used to 
prevent mis-assembly of the HSP and the ICS which are both critical in 
their angular juxta-position to the knee bolt tang. The tang is 
pinned and brazed to the Pmee bolt and the extreme ends which are 
exposed are nickel plated. The tang is located in the shin casting, 
fixed with an K5 screw and loctite used to prevent loosening. The 
complete joint is tightened with the special high tensile nut, and
again loctite is used. The complete details of the knee bolts and 
bearings appear in Section 2 page 645 of Volume 3•
The Positive Back-Stop
The sub-assembly of the moulded rubber buffer stop Drawing No. A 2563 
is shown on page 283 and the details appear in Section 3 p&ge 676 
in Volume 3. The device consists simply of a mild steel back-plate 
with two pan headed screw bushes force fitted. These screw bushes also 
act as locating dowels to position the back-stop in the shin casting. 
The rubber buffer is moulded and cure bonded to the back-plate, and 
then the unit is cadmium plated and passivated by a special process 
which will not affect the rubber. The testing and development to find 
the correct grade of rubber is discussed in Appendix H where also 
the deflection calculations are detailed.
The Above-Knee Modular Leg
Drawing No. E 2558 on page 284 shows the general arrangement of the 
complete limb, and the details appear in Section 9 page 817 in 
Volume 3.
The socket is rivetted to three struts which are fixed to a cup shaped 
pressing, as in the drawing or a laminated plastic container as shown 
in figure 42 page 223 . In either case the distal end is shaped to 
accept the alignment device clamp rings. The alignment device forms 
the permanent fixing to the knee casting. The knee casting is a 
magnesium zirconium investment casting which accepts all three types 
of bearings and all the combinations of the knee controls, simply 
with a.screw driver and without affecting the alignment or structure 
of the leg.
The shin stirrup -easting Drawing No. B 21-MU i  page 84.1 is again a 
magnesium zirconium.investment casting and carries the extension stop 
buffers. The distal end is spigotted to accept the neuber tube, and 
the latter is held in position-with, a rubber pylon expander unit.
This permits internal-external rotation and slight length adjustments 
to be carried out at trial, again simply with an 1 Allen1 key.
The neuber tube is factory bonded either to the ankle base casting 
or to the foot alignment device socket. The leg may be fitted with 
either the Sach foot or the uniaxial or lateral ankle joints.
Three cosmetic fairings are fitted to the system.. The thigh fairing 
is.laminated over shaped ’Plastazote’ and tied into the grooves in 
the top of the knee casting. The knee'fairing clips into the front 
of the knee casting and is held in position with spring steel fixes 
rivetted to the knee casting. The shin fairing is again a laminated' 
semi-flexible pre-pigmentea unit.- The leg is then finished with 
clothing pads and suspension etc. as shown in figures 42, 43 end 44 
pages 223f 224 end 225.
Alignment Devices
The sub-assembly of the above-knee alignment device Drawing No. B 2452 
is shown on page 285 and the details appear in Section 10 page 851 
of Volume 3*
The unit consists of two clamp rings which accept the socket assembly, 
located on the lower clamp ring are two pairs of tilt rings, which are 
separated by a plate located on the four pinch bolts. All the rings 
are injection moulded from silica filled polycarbonate. The top clamp 
ring has hexagon recesses to accept the heads of the four M5 high 
tensile bolts, the recesses are reinforced with steel hollow ’pal1 nuts
to distribute the compressive stress. At the base of the tilt rings 
the top plate fixes the alignment device to the knee'casting. The 
bolts protrude through the top plate and backing plate, and they are 
tightened with nuts on spherical seatings to permit the tilting.
The translational adjustments are accommodated by rectangular slots 
in the top plate, and a locking bar fixes the backing plate by 
’pinching’ it to the top plate, so that the bolts may be loosened for 
tilting without affecting the translational adjustments.
All. the steel components are cadmium plated and passivated to inhibit 
corrosion, and the aluminium alloy components are natural anodised.
The assembly of the foot alignment device Drawing No. B 2153 is shown 
on page 286 . The unit permits anterior-posterior adjustment by a 
slider moveable in a ’V’ slot. This slot has a gib plate which 
allows the slider to be locked in position by grub screws.
The slider carries a saddle into which rotatably locates two prongs 
of a cruciform torsion ring. The other two prongs of the latter 
similarly locate into an identical saddle at the base of the tube 
socket. A central bolt with spherical seatings and lock nuts clamp 
the assembly together inside the hollow of the single pair of tilt 
rings. In this viay a solid angle cone of 7° maximum can be obtained 
without talcing torsional loads on the central clamping bolt. The 
central clamping bolt is locked such that its length allows the tilt 
rings to turn and tilt. . Locking of the device is carried out with the 
locking ring Item 4 which is fitted with nylon plugs and grub screws.
The Wood Knee
The general arrangement of the wood knee with a duo control Drawing 
No. E 2287 is shown on page 287 and the complete details appear in
- 17Q -
Section 8 page772 Volume 3.
The knee is manufactured from pre~machined blocks dovelled and bonded 
together to form a precision space into which any combination of the 
knee control units may be assembled. The units are fitted to back- 
plates which are secured to the knee. The three types of bearings are 
inter-changeable, secured into the laminate shear plates which form 
the major load bearing structure. The knee is articulated with 
* side steels1 routed into the top of the shin, and a rubber buffer 
bonded to the knee abuts a stop also secured in the top of the shin. 
The obeche cheeks are shaped down in finishing to the dimensions 
of the patient, and the standard raw' hide finish completes the limb.
T  O h
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p e r io d .  The pho tog raph  shovs th e  tem po ra ry  p e lv ic  band 
su spens ion , th e  le a th e r  s t ra p  f o r  a c tu a t in g  th e  sem i­
a u to m a tic  knee lo c k s ,  and th e  ro c k e r  end w h ich  o b v ia te s  
any a n k le  moment d u r in g  s tan ce -p ha se .
TH,l MARK I I I  PYLCN
FIGIRE 27
V
c \  U « G -
U P
r
Permanent pylon prescribed when prognosis is such that 
a definitive prosthesis is not required. The photograph 
shows the socket accommodating a flexion contracture of 
some 2C degrees. The lower end is fitted with an ankle 
and foot.
THE PERMANENT PYLON
- ?C8 -
FIGURE 28
Photograph shows two views of conventional metal socket. The top edge 
of the brim is wired, and the lumen of the socket is perforated for 
ventilation. The socket has been anodised for corrosion resistance.
THE CONVENTIONAL METAL SOCKET
FIGURE 29
Photograph shows two views of the metal 'H1 socket. The tuber shelf 
can be seen flattened and virtually perpendicular to the lumen of the 
socket.
THE METAL fH f SOCKET
- 210 -
FIGURE 3C
THE T 3 B SOCKET
- 211 -
FiGina 31
THG x m -31 'l LINKAGE 
c disarticulation of the knee
Locil cf instantaneous cant: 
.thigh soring 
/shin soring
Locus of point 'A' 
'on shin at aid-plane
•Pivots
FIGURE 32
The H S K u n i t  has been c u t  away to  show th e  
o p e ra tin g  le v e r  end a d ju s tm e n ts , and th e  co ve r 
removed to  show th e  b re a k  l i n i n g  and sprag  c lu tc h .
THE HANGER STABILISING KNEE MECHANISM
- 213 -
FIGURE 33
Conventional metal knee and shin casting cut eway 
to show the standard wheel-type knee control (WTKC)
THE WHEEL-TYPE KNEE CONTROL
- 2 U  -
FIGURE 3A
The Hanger Swing Phase 
Control Unit showing 
the six pairs of vanes 
cascaded together, and 
the spurs on the 
movable vanes between 
the rubber buffers.
The adjustment Star 
Wheel is also clearly 
shown.
THE HANGER .WING PHASE CONTROL UNIT
The Hanger Swing Phase 
Control Unit mounted on 
the knee bolt in the 
shin casting, and showing 
the *free movement1 
adjustment clamp screw.
- 215 -
FIGURE 35
The conventional 3ack-Check ligament showing the 
three rubber rings around the waist of the ligament.
[’HE BACK-CHECK LIGAMENT
- 216 -
. FIGURE 36
The moulded rubber buffer 
shoving the bonding to the 
back-plate, and the fixing 
screws at the rear.
The bonded rubber back­
stop in oosition mounted 
in the shin casting.
THa rCoITiyS 3ACK-3T CP
- 217 -

FIGURE 37
The conventional Number Two 
metal leg shoving the pick-up 
in two positions.
y
THj PICK-UP
- 218 -
FlSira 38
Number Two Plastic Leg with plastic socket, thigh 
piece and shin with a metal knee and conventional 
uniaxial ankle and articulated foot.
THE PLA3TIC LEG
- 219 -
The Laminated Wood Knee 
shoving the structural 
shear plates with the 
bearing housings, and 
the hollow cavity for 
control mechanisms.
Also shown is the back 
plate fixations rnd the 
back-stop rubber buffer.
FIGURE 3?
Wooden top of shin showing thc 
side-steels routed in end 
rivetted to the shin.
The back-stop can also be seen.
THE WCGP 3YETEM
- 220 -
FIGURE AC
W j r
Simplex Leg with half the shin fairing removed to 
show the tubing. This leg is fitted with a 3.A.C.H. 
Foot, and a semi-automatic knee lock.
TH3 3IKPL3X L3G
- 221 -
FIGURE 11
The four basic prostheses for below-knee, through-knee, 
above-knee and through and above hip amoutations.
THE MODULAR JYiTEH
FiGirm £2
Number Tvo Modular Leg fitted with 
Double Jwivel Pelvic Band, and a 
clothing pad.
T ill A3CV3-13I1E i :cdul/.r LSG
- 223 -
FISU3S A3
The Modular Leg shoving the large 
pngle of knee flexion.
THL;: MODULAR LEG (KNEELING POSITION)
- 221, -

MATERIAL REDACTED AT REQUEST OF UNIVERSITY
FIGURE A 5
The Leather 3ush 
Bearing Assembly.
)
The Compliant Bearing Components
TIT TYPE.] CF BEATINGS
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FIGURE A6
Modular Knee Casting with 
PVC Knee Fairing,
THE MCDUL/R KNEE
Modular Knee shoving 
ball-race bearings end 
housings.
- 227 -
FIGURE L I
THE 3.A.C.H. FCCT ALIGNMENT DEVIC
-  228 -
A/K modular leg set up in the instron testing 
machine for loading* in the direct axial compression 
mode. The limb is finished to 'trial* and the socket 
is set in plaster-of-paris to form the loading surface.
TESTING - AXIAL COMPRESSION OF THE COMPLETE LIMB
- 229 -
FIGU1S L9
Conventional metal shin set up for axial compression 
loading in the 5C tonf. Denison Testing Machine.
TESTING - AXIAL CCKPRSSSICN GE ."HE SHIN
-  230 -
FIGURE 5C
Failed Plastic Shins
Failed Metal Shins
TESTING - SAMPLE SHIN FAILURES
- 231 -
FIGURE 51
*
Metal to raetal epoxy bonded lap-joint samples
I1 KITING - LAP-JOINT FAILED SAMPLES
■i ■' . ;;
-  2 3 2  -
FIGU?uK 52
Laminated plastic to metal epoxy bonded lap-joint
samples
TOTING - LAP-JOINT PLAJTIC 5AKPI£S
- 233 -
FIGU11 53
Laminated plastic to metal polyester bonded lap-joint
test samples
T.iiTING - LAP-JCINT PCLY,
- 234 -

:-IGUll 5A
livetted lao-joint test samples showing rivet and 
metal benring failure modes
T-ioTING - IP/liTJ) La !-JCINJ SAiPUS
- 235 -
FIGU.IL 55
The 5 tonf. Denison 
Testing Machine used 
in the lap-joint tests
Lap-joint set up in the 
javs of the testing 
machine
TLoTING - LAP-JCINT TLJT GtNFIGUilATICN
-  236 -
FIGURL 56
A/K modular leg set up in the instron testing 
machine for loading in the gross limb bending mode. 
The photograph shovs the loading nest for the socket.
T.GjTING - THil-'iG PCINT BINDING CF TUG CCHPL.ffL LIM3
- 237 -
FIGURE 57
7
Three point bending in the anterior posterior plane
Three point bending in the medial lateral plane
TESTING - TIIRj)?. PMNT BENDING IN THE TWC PLANTS
- 233 -
FIGURE 58
THREE PCINT 3ENDING OF THE NEU3ER TUBE
- 239 -
FIGURE 59
The top tvo photographs shov cantilever 
bending of the shin without a foot.
The photograph on the right shows the 
same configuration fitted with p  foot.
TSBTING - CANTILEVER BENDING CF THE SHIN
-  240
6c
A/K modular leg set up in 
the instron testing machine 
for loading in the 
torsional mode. The top 
photograph shovs the foot 
location end the plester- 
of-paris loading block.
The bottom photograph shovs 
the loeding configuration 
from the direct compressive 
load to torsion.
TToTING - AXIAL TCRSIlN CF THiD CCMPL5TT LIMB
- 2a  -
figuu 61
A/K modular leg set up for 
back-stop impact tests.
The bottom photograph shovs 
the motor and adjustable 
crank for varying the fall.
TJITIMG - BACK-JTCP IM?ACT CONFIGURATION
- 242 -
FIGURE 62
Test configuration for 
positive bsck-stop 
endurance. The top 
photograph shovs the 
lever arm for loading, 
and the tvo bottom 
photographs shov the 
buffers in the unloaded 
and fully loaded 
condition.
TE 3T lNG - -R JITI /E 3ACK-iT0P ENDURANCE
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FIGURE 63
Hanger Swing-Phase 
control cycled at 
an angular velocity 
of 2 rads, per second.
Cycled at an angular 
velocity of 8 rads, 
per second.
Cycled at an angular 
velocity of 1L rads, 
per second.
TEETING - KNEE MOMENT CYCLING TE3T3
- 2AA -
FIGUR5 61
2arly Hanger Stabilising 
Knee Control Unit shoving 
the single turret screv 
adjustment.
3arly H.3.K. mounted in a shin casting 
vith a W.T.K.C. shoving the back-plate.
:CA3LY HAN^IR STABILISING KK515 CCNTRCL
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FIGUi- 65
A later H.3.K. unit mounted 
in a shin casting and 
showing the compliant 
bearing.
A later Hanger otabilising 
Knee Control Unit shoving the 
locked lever adjustment 
bracket.
MARK II 3TAHILISIUG KN.3
- 2/f6 -
FIGURS 66
Latest H.3.K. Unit mounted on a knee bolt and 
back-plate with a W.T.K.C. and I.C.3. The 
photograph shows the final design of the locked- 
lever adjustment bracket.
CURRENT HANG3R STABILISING KN33 CONTROL UNIT
- 247 -
Hanger sving-phase control mounted on a back-plate 
with a knee bolt shoving the tang. The movable 
vanes can be seen between the tvo rubber buffers.
TH3 HANGER 3WING-PHA3S CCNTRCL UNIT
- 248 -
/iev of one pair of vanes dismantled. 
The top one is the movable vane and 
shows the P.T.F.3. impregnated fabric 
disc attached. The bottom one is the 
fixed vane and shows the attachment 
hole for the thigh pivot.
THE HANGER GwING-PHAGE ClNTRCL VANES
- 249 -
FIGURE 69
Top left shows an early swing- 
phase control unit mounted in a 
shin casting. The screw for the 
adjustable stop can be seen.
Top right shows an early 
swing-phase control unit 
mounted in a metal knee 
and shin casting. The 
metal knee has been cut 
away. The adjustable 
star wheel can be seen.
Bottom right shows the 
swing-pha se control unit 
mounted in a cut away wooden 
knee. The thigh fixation and 
pivot can be seen.
HANGER 3WING-PHA3S CONTROL UNITS MOUNTED IN KETAL AND WOODEN KNEES
-  250 -
FIGURE 7G
Hanger duo control mounted on a back-plate with 
a knee bolt. It can be seen that this unit is 
basically the Hanger swing-phase control and 
the Hanger stabilising knee control units 
combined.
THE HANGER DUG KNEE CGNTRCL UNIT
- 251 -
FIGURE 71
The laminated wooden knee 
showing the inert structural 
ply wood shear plates 
incorporating the bearings.
Laminated wooden knee showing 
the back-plate fixing for the 
knee control mechanisms.
The stainless steel side joints 
can be seen routed into and 
fixed to the wooden shin.
LALINATED WCGDEN KNEE
- 252 -
?i qP-TSJB
Empty basic wooden knee and top 
of shin.
Wooden knee with parts for simple 
leather bushed bearings.
Wooden knee with parts for swing- Wooden knee with parts for stabilised
phase control unit. knee and showing the compliant bearings.
THE HANGER WCCDEN LEG SY3T EM
- 253 -
FIGURE 73
Kit of
parts r e q u i r e d  to assemble the Hanger Simplex Leg,
THi- STKPL 'X SYSTSM
- 254 -
T A B L E  1
Cycle 0°S 0°9T d° Sin d Cos d Sin 0S
Cos ©„ b
0 28 28 0 0 1.000 0.470 0.885
5 18.6 27.6 9 0.156 0.988 0.519 0.948
10 10 26 16 0.276 0.961 0.174 0.985
15 5.4 25.4 18 0.508 0.951 0.094 0.996
20 2.6 18.6 16 0.276 0.961 0.045 0.999
25 1 11 10 0.174 0.985 0.017 0.99985
50 • - 2 2 4 0.070 0.996 -0.055 0.99959
55 - 6 -5.4 0.6 0.010 0.99995 -0.105 0.995
40 - 9.2 - 8.8 0.4 0.007 0.99998 -0.160 0.987
45 -15.8 “10 5.8 0.066 0.998 -0.258 0.971
50 -20 -10 10 . 0.174 0.985 -0.542 0.940
55 -27.6
UDCO1 19 0.526 0.946 -0.465 0.886
60 -55.5 - 4 51.5 0.525 0.855 -0.581 0.814
65 -58.5 8 46.5 0.725 0.688 -0.625 0.735
70 -40.6 17.4 58 0.848 0.550 -0.651 0.759
75 -54.4 24.4 58.5 0.855 0.518 -0.565 0.825
80 -25.6 27 50.6 0.775 0.655 -0.400 0.916
85 -10.6 25.8 56.4 0.595 0.805 -0.184 0.985
90 5.2 25.2 22 0.575 0.927 0.056 0.998
95 17.5 27 9.5 0.165 0.986 0.501 0.954
100 28 28 0 0 1 .000 0.470 0.885
VALUES OF THIGH AND SHIN ANGLES AND THEIR FUNCTIONS
- 255 -
T A B L E  2
* rads » i »
Cycle 0 C) A0„
a
s S S S S
0.184 2.944
0 0.489
-0.164 -2.263
-5.207 -83.30
5 0.325
-0.150 -2.400
-0.137 - 2.19
10 0.175
-0.121 -1.937
0.463 7.40
15 0.094
-0.049 -0.784
1.530 18.45
20 0.045
-0.028 -0.448
0.336 5.38
25 0.017
-0.052 -0.832
-0.384 - 6.14
30 -0.055
-0.070 -1 .120
-0.288 - 4.61
35 -0.105
-0.056 -0.896
0.224 3.58
40 -0.161
-0.080 -1.280
-0.384 - 6.15
45 -0.241
-0.108 -1 .728
-0.448 - 7.26
50 -0.349
-0.133 -2.128
-0.400 - 6.40
55 -0.482
-0.138 -2.209
-0.081 - 1.30
60 -0.620
-0.052 -0.832
1 .377 22.00
65 -0.672
-0.037 -0.592
0.240 3.84
70 -0.709
0.109 1.745
2.337 37.40
75 -0.600
0.188 3.008
1.263 20.20
80 -0.412
0.227 3.632
0.624 10.00
85 -0.185
0.241 3.858
0.226 3.62
90 0.056
0.249 3.984
0.126 2.02
95 0.305
0.184 2.944
-1.046 -16.64
100 0.489
-0.164 -2.263
-5.207 -83.30
VALUES OF ANGULAR VELOCITIES AND ACCELERATIONS OP THE SHIN
~ 266 —
T A B L E  3
f rads t t n
Cycle
a A O m 0 A O mT T ’’m T
0.018 0.288
0 0.489
-0.007 -0.112
-0.208 - 3.33
5 0.482
-0.028 -0.448
-0.400 - 6.40
10 0.454
-0.046 -0.736
-0.336 - 5.38
15 0.408
-0.085 -1.328
-0.288 - 4.62
20 0.525
-0.155 -2.126
-0.592 - 9.48
25 0.920
-0.157 -2.514
-0.798 -12.77
50 0.055
-0.119 -1 .904
-0.388 - 6.22
35 -0.094
-0.050 -0.961
0.610 9.76
40 -0.154
-0.021 0.536
0.943 15.18
45 -0.175
0 0
0.625 10.00
5° -0.175
0.025 0.400
0.336 5.38
55 -0.150
0.080 1.231
0.400 6.40
60 -0.070
0.210 3.360
0.881 14.10
65 0.140
0.164 2.624
2.079 33.24
70 0.504
0.122 1.992
-0.746 -11.94
75 0.426
0.045 0.721
-0.632 -10.12
80 0.471
-0.021 -0.336
-1.271 -20.36
85 0.450
-0.010 -0.160
-1.057 -17.08
90 0.440
0.051 0.496
0.176 2.82
95 0.471
0.018 0.288
0.656 10.50
100 0.489
-0.007 -0.112
-0.208 - 3.33
VALUES OF ANGULAR VELOCITIES AM) ACCELERATIONS OF THE THIGH
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T A B L E  4
o <<5 o
i
t n t t?
yR yH yH Sg
- 6,4 -36.8
0 36.90
- 2.4
64.1 -14.8
36.8
1178
5 36.75
2.4
-76.9 -12.5
59.2
358
10 36.90
11.2
140.9 - 8.8
57.6
- 26
15 37.60
8.0
-51.2 - 5.2
51 .2
-102
20 38.10
- 0.8
-140.9 - 2.0
46.4
- 77
25 38.05
1.6
33.4 . 0.9
33.6
-209
50 38.15
- 3.2
-76.8 3.0
44.8
174
35 37.95
- 5.6
38,4 5.8
49.6
77
40 37.60
-11 .2
-89.6 8.9
40.0
-154
45 36.90
- 5.6
89.6 11 .4
51 .2
179
50 36.55
- 1.6
64.1 14.6
60.8
154
55 36.45
0.8
38.4 18.4
57.6
- 51
60 36.50
1.6
12.8 22.0
64.0
102
65 36.40
4.8
51.2 26.0
60.8
- 51
70 36.70
6.4
25.6 29.8
51.2
-154
75 37.10
3.2
-51.2 33.0
40.0
-179
80 37.30
6.4
51 .2 36.5
48.0
128
85 37.70
• 1 .6
-44.8 39.5
56.0
192
90 37.80
- 8.0
-153.6 43.0
48.0
-192
95 37.30
- 6,4
25.6 46.0
64.0
256
100 36.90
- 2.4
64.1 50.0
-64.0 
___
1178
VALUES OF VERTICAL AND HORIZONTAL VELOCITIES AND ACCELERATIONS
OP THE HIP
- 253 -
T A B L  E 5
$ t ti t n
Cycle V yK \ \
- 6.4 56.0
0 21.6
- 8.0
- 25 - 9.0
48.0
“ 140
5 21.1
- 4.8
50 “ 6.0
48.0
- 50
10 20.8
3.2
120 - 3.0
52.0
90
15 21 .0
3.2
0 - 1.0
48.0
268
20 21 .2
0
- 15 2.0
16.0
512
25 21.2
1.6
- 20 3.0
9.6
102
5° 21.3
- 1.6
- 25- 5.6
9.6
102
55 21 .2
- 5.2
- 25 4.2
28.8
120
40 21 .0
- 5.2
“ 20 6.0
28.8
116
45 20.8
-.5.2
0 7.8
41.6
200
50 20.6
-  1.6
25 10.4
57.6
254
55 20.5
- 1.6
0 14.0
75.6
266
60 20.4
- 6.4
- 80 18.6
120.4
750
65 20.0
8.0
230 26.0
156.4
400
7° 20.5
12.8
75 34.4
70.4
- 288
75 21.3
14.4
25 59.2
102.4
- 260
80 22.2
12.8
- 15 46.0
48.0
- 240
85 23.0
0
>200 50.0
58.4
- 160
90 23.0
- 1.6
- 75 52.4
55.6
- 70
95 22.0
- 6.4
- 55 54.5
56.0
100
100 21 .6
~ 8.0
- 25 58.0
48.0
140
VALUES OF VERTICAL AED HORIZONTAL VELOCITIES AND ACCELERATIONS
OF THE KNEE
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T A B L E  6
» it t
C y c le yA 7 a yA XA XA XA
- 0.8 48
0 5.2
- 9.6
-124.8 - 5
40
-512
5 4.6
- 6.4
51.2 - 0.5
24
-256
10 4.2
- 4.8
25.8 1.0
9.6
-230
15 5.9
- 0.8
64.0 1 .6
0
-158
20 5.85
- 0.8
0 1.6
o
0
25 5.8
0.8
25.8 1.6
0
0
50 5.85
0.8
0 1.6
-0.8
- 12.8
55 5.9
1.6
12.8 1,55
0.8
25.6
40 4.0
6.4
76.8 1.6
6.4
89.6
45 4.4
16.0
157.6 2
4.8
- 25.6
50 5.4
22.4
102.4 2.3
27.2
358
55 6.8
58.4
224.0 4
48
333
60 9.2
14.4
-384.0 7
80
512
65 10.1
20.8
102.4 12
112
512
70 11 .4
- 6.4
-455.2 19
120
128
75 10.8
-27.2
-552.8 26.5
152
512*
80 9.1
-58.4
-179.2 36
128
-384
85 6.7
-19.2
507.2 44
160
512
90 5.5
i -p* • o
255.2 54
80
-1280
95 5.25
- 0.8
51 .2 59
48
-512
100 5.2
- 9.6
124.8 62
40
-256
VALUES OF VERTICAL AND HORIZONTAL VELOCITIES AND ACCELERATIONS
OF THE ANKLE
T A B L E  7
f t
Cycle (32.2'+yH). Sin ©g C0S °S 14.128 ©g ©^. Cos d ©2T 02 Sin d
0 45.1 - 292 -1780 -6.40 0.0081 0
5 16.6 133 - 31 - 5.31 0.09 0.014
10 7.3 59 148 - 4.43 0.56 0.094
-15 4.4 - 102 261 -9,01 • 0 0 0.509
20 1.2 - 78 76 -12.27 5.06 0.845
25 0.41 - 20 -.87 - 6.12 5.48 0.955
30 - 0.11 - 5 - 65 9.72 7.73 0.541
35 - 2.84 - 20 51 15.18 6.25 0.065
40 - 5.12 20 - 87 10.00 0.292 0.002
45 - 29.1 175 - 105 5.36 0.014 0.0009
50 - 33.2 216 - 90 6.50 0.052 0.0056
55 - 33.3 57 - 18 13.34 0.565 0.184
60 - 25.6 - 24 510 28.55 4.00 2.09
65 - 51.0 - 50 54 - 8.22 9.00 6.52
70 - 37.8 —  87 530 - 5.36 5.66 4.80
75 - 12.4 - 66 285 -10.55 1 .80 1.54
80 - 9.6 37 142 -10.85 0.0049 0.0058
85 1.5 96 51 2.27 0.15 0.077
90 — 6.8 - 40 28 9.73 0.065 0.025
95 17.2 244 - 256 - 3.28 0.16 0.026
100 45.1 - 292 -1780 - 6.40 0.0081 0
THE TERMS IN THE KNEE MOMENT EQUATION
- 261 -
T A B L E  8
Cycle £ l2 -.0417Si.32 . 00469St ^ 2 --.000698a 72 .000119&192 f 12 °S
.184 .01180 .00402 .00196 .00115 .20293 3.25
, 0
-.164 -.01510 -.00447 -.00207 -.00119 -.18683 -2.99
5 -.150 -.00250 .00101 .00088 .00065 -.14976 -2.40
10 -.081 .00150 .00055 .00006 -.00009 -.07898 -1.26
15
-.049 .00046 -.00028 -.00023 -.00011 -.04916 -0.79
20 -.028 .00188 .00040 .00018 .00010 -.02544 -0.41
25 -.052 -.00025 -.00012 -.00003 -.00001 -.05241 -0.84
50 -.070 -.00154 -.00045 -.00019 .00010 -.07188 -1.15
55 -.056 .00159 .00050 .00023 .00013 -.05355 -0.86
40 -.080 .00016 -.00015 -.00012 -.00008 -.08017 -1.28
45 -.108 -.00012 .00005 -.00001 -.00002 -.10810 -1.73
50
-.155 -.00085 .00025 .00023 .00019 -.13316 -2.13
55 -.158 -.00380 -.00191 -.00062 -.00041 -.14476 -2.32
60 -.052 .00290 .00170 .00095 .00059 -.04586 -0.73
65
-.057 -.00540 -.00180 -.00097 -.00059 -.04576 -0.74
•70
.109 .00280 .00110 .00060 .00040 .11390 1.82
75
.188 .00167 -.00006 -.00018 -.00012 .18931 3.03
80
.227 .00104 .00002 .00007 .00006 .22818 3.66
85
.241 .00025 -.00040 -.00002 .00011 .24067 3.84
90
.249 .00504 -.00067 -.00075 -.00058 .25045 4.00
95
.184 .01180 .00402 .00196 .00115 .20293 3.25
100
-.164 -.01510 -.00447 -.00207 -.00119 -.18685 2.99
h c = hf* = g, - 0.04169&5 + 0 , 0 0 4 6 9 -  0.0006988 j ■+ 0.000119& 9
b T ~2 . 2 2 2 2
NUMERICAL DIFFSRENTIATION OF SHIN ANGLE USING CENTRAL DIFFERENCES
T A B L E 9
* .
Cycle
£ 2 
0
-.0833 S04 .011 £ 6 
0
- .00179 £08 .000317 S10
O
r 
O
M
es
0 -.348 -.05366 -.02040 -.01032 -.00624 -.43862 -112.0
5 .014 .02560 .01296 .00757 .00491 .06504 16.7
10 .069 .00766 -.00108 -.00212 -.00196 .07150 18.3
15 .032 -.00216 -.00198 -.00072 -.00003 .02711 6.9
20 .021 .00283 .00131 .00103 .00059 .02676 6.8
25 -.024 -.00424 -.00122 -.00052 -.00030 -.03028 - 7.7
30 -.018 -.00216 -.00079 -.00041 .00028 -.02106 - 5.4
35 .014 .00583 .00222 .00107 .00008 .02320 - 5.9
40 -.024 -.00283
inoo•1 -.00089 -.00056 -.02973 - 7.6
45 -.028 -.00058 .00041 .00029 .00015 -.02781 - 7.1
50 -.025 -.00141 .00049 .00060 .00055 -.02477 - 6.3
55 -.005 -.00591 -.00319 -.00217 -.00159 -.01786 - 4.6
60 .086 .01348 .00664 .00402 .00268 .11282 28.9
65 .015 -.01682 -.00849 -.00482 -.00317 -.01830 - 4.7
70 .146 .01648 .00694 .00403 .00266 .17511 44.8
75 .079 -.00225 -.00263 -.00199 -.00185 .07028 18.0
80 .039 -.00125 .00018 .00064 .00064 .03920 10.0
85 .014 -.00158 -.00100 -.00025 .00012 .01129 2.9
90 .008 .00558 -.00063 -.00183 -.00183 .00929 2.4
95 -.065 .01746 .01110 .00690 .00461 -.02493 - 6.4
100 -.348 -.05366 -.02040
O
J
i
n
O«r—*0 •1 -.00624 -.43862 -112.0
■ H O M O  / fl P <» O
0Q = h f  = S''2 - 0.0853 S + 0.01111 S - 0.00179 S + 0.000317# b 0 o o o o o
NUMERICAL DIFFERENTIATION OF SHIN ANGULAR VELOCITY USING CENTRAL DIFFERENCES
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T A B L E  10
<
Cycle 0°
Rads
0 4
c* 4 ;
V h £ 60 % 7 So8
CO c 10 
0
-25 
“20 
-15 
-10 
- 5
-34.4
-23.6
-10.6
3.2
17.5
-.600
-.412
-.185
.056
.305
.188
.227
.241
249
184
.039 
.014 
.003 
- 65
-.025 
-.006 
-.073 
- 283
. .019 
-.057 
-.210
-.086
-.143
.855
7.057
.998
1.055
-2.805
-3.860
9.639
-19.6560 28 .489 - 164
-348 - 362 645 952 -1.807 2.974
5.779 -10.017
5 18.6 .325 - 150 14 55
- 307
215
1167 -1264
-4.238
5.421
15.438
10 10 .175 - 81 69 V  37
- 92 > 118 - 97 - 81 1183 - 779
— 6*200
15 5.4 .094 - 49
32 - 11 26 - 60 - 178 323 404 - 982
- 103
20 2.6 .045 - 28
21
- 45
- 34 85 145 - 255
- 578 872 1854
25 1 .017 - 52 24 6 51 - 25
- 110
39 294 - 62
- 934
50 - 2 -.035 - 70
18 32
26 - 96 71 271
232
834
896
35 - 6 -.105 - 56 14 - 38 - 70 104
200
- 331
- 602 1101 267
40 - 9.2 -.161 - 80 24 - 4
34 - 27 - 131 168 499 - 660
- 1761
45 -13.8 -.241 - 108 28 3 7 10 37 37
- 161 - 117 483
50 “20 -.349 - 133 25 20
17 54 44 - 331
- 338 1553
1730
55 -27.6 -.482 - 138 5 91 71 - 233
- 287 884 1215 -3460 - 5013
60 -35.5 “.620 - 52
86
- 71
- 162
364 597 -1361 - 2245 4995
8455
65 -38.5 -.672 - 37 15 131
202 - 400 - 764 1389
2750 -5001 - 9996
70 -40.6 -.709 109 146 - 67
- 198 225 625 - 862 - 2251 3366
8367
75 -34.4 -.600 188 79 - 40 27 - 12 - 237 253
1115 -1474
- 5840
80 -23.6 -.412 227 39 - 25 15 4
16 - 106 - 359 498
1972
85
90
95
100
-10.6
3.2
17.5
28.0
-.185
.056
.305
.489
241 
249 
184 
- 164
14
8'
65
348
- * 6
- 73
- 283 
362
19
- 67
- 210
645
- 86 
- 143
855
-.952
- 90
- 57 
998
-1.807
33
1055
-2.805
2.974
139
1022
-3.860
5.779
883
-4882
9.639
-10.017
385 
- 5.765 
14.521 
-19.656
105
110
115
120
125
18.6
10
5.4
2.6
1
.325
.175
.094
.045
.017
- 150 
-.081 
-.049 
-.028
14
.069
.032
.021
55
-.037
-.011
-.307
.092
.026
.212
.118
1.167
.097
1.264
-4.238
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T A B L E  11
Cadence Class Limits Steps/Minutes
$  of 
Total
Very slow 78.0 - 100.0 10 Arithmetic mean ^ 112.5
Slow 100.1 - 107.0 20 Standard deviation 9.8
Normal 107.1 - 117.6 40 Standard error of mean
•j*
= - .32
Fast 117.7 - 125.0 20 Variability of cadence 9.71$
Very fast 125.1 - 144.0 10
Stride
Length Inches
$ of
Total
Very short 42.0 - 53.0 10 Range s 36
Short 53.1 - 56.5 20 Arithmetic mean BE 60.1 - 0.13
Normal 56.6 -  63.0 40 Standard deviation = 3.9S
Long 63J - 67.0 20 Variability = 6.58$
Very long 67.1 - 78.0 10
Speed of 
Walking Feet/Second
1o of 
Total
Very slow 2.30 -  3.70 10 Range = 4.9
Slow 3.71 -  4.30 20 Ant lime tic mean SS 4.76 - 0.019
Normal 4.31 -  5.20 40 Standard deviation = 0.58
Fast 5.21-5.80 20 Variability SB 12.15$
Very fast 5.81 - 7.20 10
Results of Drillis* s statistical survey of cadence* 
observed on 936 pedestrians
STATISTICAL SURVEY OF CADENCE
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T A B L E  12
AXIS MOVEMENTDEGREES
STIFFNESS 
Ibf in./deg.
' MAXIMUM 
-MOMENT 
lbf in.
Planta Flexion 15 10 150
Dorsi Flexion 12 35 @ 7° 50 @10 600
Inversion - 
Eversion ± 18 10 180
Internal - Ex­
ternal Rotation ± 7 15-20 140 MAX.
Metatorso - 
Phalangeal 
Flexion
12 14 @ 10° 30 @ 12° 300 MAX.
Summary of the ideal movement, 
stiffness and torque output of 
the prosthetic terminal device 
for the average European male.
TORQUE REQUIREMENTS OF THE TERMINAL DEVICE
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T A B L E  13
No* ShoeSize
Heel
Height
inches
Q
inches
J
inches i°
0e t°
1 5i 1* 2l 5 3 14 0
2 5 1T ll 5 0 20 0
3 4 2l 5 14 30 5
4 5t H 2l 5f 12 25 0
5 5 i£ H 12 12 5
6 5 2 11 5l 30 30 0
7 7 11 2I 5 20 20 0
8 6 0 2 5t 0 0 0
9 5 1 21 5* 6 15 0
10 6 2f 5* 9 9 2
11 5 il 2 5! 23 23 3
12 8 il 2 5l 20 20 0
13 6f 1 2 6 8 8 8
contfd
SURVEY OF FOOT DIMENSIONS
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T A B L E  14
contgn 13
No. ShoeSize
Heel
Height
inches
Q
inches
J
inches i° e° t°
14 4l 1* 2l 5l 8 15 0
15 6 2 11 5l 23 23 3
16 5l 2 5l 10 25 0
17 5l 2 p±<=-8 5 20 35 10
18 5l 11 2 .5 15 35 o
19 3i 1 2 4l 10 10 3 •
20 6l 11 5l 10 10 5
21 4l 1» 11 5l 10 25 5
22 4l H 2l 51 11 11 0
23 3 2t 11 5 42 42 10
24 5 11 2f 5l 20 35 10
25 5 11 11 5l 12 12 10
26 5l 11 21 5l 20 33 10
27 41 11 11 5 12 30 5
28 3 1 11. 5l 10 10 8
29 5 1 2l 5l 10 10 0
30 3l 11 2 51 15 40 0
31 4l 1.1 . 11 5l 13 40 5
32 7 1 . 2l 5l 20 20 0
33 6 2 H 5l 10 30 0
34 4l 11 2 5l 25 40 0
35 5l 11 2 5l 20 35 0
36 6 11 2l 5l 10 35 12
37 7 11 11 4l 15 30 5
38 61 1 21 6 5 15 4
39 5l 1 2l 5 7 7 10
40 5 0 2 5l 0 0 0
41 * 5l 11 2 5 20 32 10
42 6 1 2 41 6 10 0
Measurements carried out on 42 ladies* left feet at Roehampton, 
Occupations included secretaries, typists, clerical staff and nurses.
SURVEY OF FOOT DIMENSIONS (CONTINUATION)
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T A B L E  15
Shoe
Size
Group
5<
of
Total
Heel
Height Q J
.0
i e° t°
max. 2t 2i 5*8 42 42 10
3 - 4 16 min. i 11 4l 10 10 0
av. 1.437 1.964 5.089 1 8|* 30t 4l
max. 2 2i- 5l 20 35 10
4i - 54* 52 min. 0 li 5 0 0 o
av. 1.420 2.074 5.045 12} 21} 3l
max. 2 2 6 10 25 8
6 - 6i 21 min. 0 H 4l 0 0 0
av. 0.819 2.069 5.569 9 15l 3l
max. n 2i 5l 23 30 5
7 - 8 11 min. i 1} 4l 0 20 0
av. 1.406 2.052 5.095 15 22l 1}
ANALYSIS OP OBSERVATIONS 
SURVEY OP POCT DIMENSIONS-ANALYSIS
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T.A B L E  16
M A T E R I A L 6 E 10 p.s.i.
P
lbf/cu.in.
2 *
P 6 to6
Magnesium Alloy (Cast) cn
t-3
6.4 .067 1420
Aluminium Alloy
r*l
< 11 .134 612
Titanium Alloy E-» 15 .163 564m
Steel 30
ii
COOJ• 375
50% C.P. Composite m 23 .056 7325o
Glass Pilled Nylon M 1.10 .050 440
Polycarbonate EH 0.33 .043 179
CO
Polyacetal < 0.41 .052 152
Nylon
cu 0.25 .041 149
H.D. Polyethylene
Hi
0.11 .034 94
Balsa 0.51 .0058 1490
Willow i.oo .012 700
Obeche 0.80 .0115 610
/ CO
Utile « 1.56 .021 388
Beech o 1.42 .020 385
/ o
Makore 1.18 .019 346
Afromozia 1.66 .023 328
VALUES OP ~  FOR ENGINEERING MATERIALS 
P
- 2 7 0  -
T A B L E  17
No. Mode of Test Specified Loading
1 Axial compression 1,500 Ibf.
2 Medial-lateral Lending 3,000 Ibf.in.
"3 Anterior-posterior bending 3,000 Ibf.in.
3A Direct back stop force 1,000 Ibf.
4 Push-off loading 3,000 Ibf.in.
5 Vertical vibration 10^  cycles @ 100 Hz 
c 150 Ibf. @ 1g
6 Lateral vibration
r
10 cycles @ 5 Hz 
c 150 Ibf. 
c amp. + 0.050 in.
7 Back stop endurance 106 cycles @ 1 Ez 
c 200 Ibf.
PERFORMANCE OF STRUCTURE-TEST LOADS
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T A B L E  18
No. Gauge t in.
Heat
Treatment
Load 
W Ibf
Section
Modulus
z m 3
Bending 
Moment 
M Ibf.in.
Yield 
Stress 
° y p.s.i.
1 0.035 H 1,130 0.0325 2,053 47,800
2 0.035 H 1,195 0.0325 2,142 50,600
5 0.035 H 1,216 0.0325 2,180 51,700
4 0.035 H & T @ 650 1,260 0.0325 2,220 52,900
5 0.035 H & T @ 650 1 ,228 0.0325 2,176 51,600
6 0.035 H & T @ 650 1,260 0.0325 2,261 54,300
7 0.035 H & T @ 600 1 ,278 0.0325 2,274 53,700
8 0.035 H & T @ 600 1 ,226 0.0325 2,158 51,100
9 0.035 H & T @ 600 1 ,190 0.0325 2,180 51,700
10 0.035 H & T @ 550 1,290 0.0325 2,273 53,400
11 0.035 H & T @ 550 1,184 0.0325 2,151 50,800
12 0.035 H & T @ 550 1,210 0.0325 2,188 51,900
15 0.035 . A 1,804 0.0325 3,055 63,600
14 0.035 A 1 ,760 0.0325 3,100 64,600
15 0.035 A . 1,780 0.0325 3,090 64,400
16 0.049 A 2,000 0.0419 3,688 64,200
17 0.049 A 1,980 0.0419 3,648 63,200
18 0.049 A 2,060 0.0419 3,752 65,600
19 0.065 A 2,990 0.0536 4,770 63,400
20 0.065 A 2,960 0.0536 4,660 64,400
21 0.065 A 3,000 0.0536 4,803 64,000
THREE POINT BENDING OF THE NEUBSR TOSS
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